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Sir. 



1, Audrey D. Goddard, PhD. do hereby declare and say as follows: 

1 . I am a Senior Clinical Scientist at the Experimental Medicine/BioOncology, Medical 
Affairs Department of Genentech, Inc., South San Francisco, California 94080. 

2 . Between 1 993 and 200 1 , 1 headed the DNA Sequencing Laboratory at the Molecular 
Biology Department of Genentech, Inc. During this time, my responsibilities included the 
identification and characterization of genes contributing to the oncogenic process, and deteraiination 
of the chromosomal localization of novel genes. 

3 . My scientific Curriculum Vitae, including my list of publications, is attached to and 
forms part of this Declaration (Exhibit A). 
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4. I am familiar with a variety of techniques known in the art for detecting and 
quantifying the amplification of oncogenes in cancer, including the quantitative TaqMan PCR (i.e., 
"gene amplification") assay described in the above captioned patent application. 

5. The TaqMan PCR assay is described, for example, in the following scientific 
publications: Higuchi et al, Biotechnology 10:413-417 (1992) (Exhibit B); Livak et al, PCR 
Methods AppL 4:357-362 (1995) (Exhibit C) and Heid et al, Genome Res. 6:986-994 (1996) 
(Exhibit D). Briefly, the assay is based on the principle that successful PCR yields a fluorescent 
signal due to Taq DNA polymerase-mediated exonuclease digestion of a fluorescently labeled 
oligonucleotide that is homologous to a sequence between two PCR primers. The extent of 
digestion depends directly on the amount of PCR, and can be quantified accurately by measuring the 
increment in fluorescence that results from decreased energy transfer. This is an extremely sensitive 
technique, which allows detection in the exponential phase of the PCR reaction and, as a result, 
leads to accurate determination of gene copy number. 

6. The quantitative fluorescent TaqMan PCR assay has been extensively and 
successfully used to characterize genes involved in cancer development and progression. 
Amplification of protooncogenes has been studied in a variety of human tumors, and is widely 
considered as having etiological, diagnostic and prognostic significance. This use of the quantitative 
TaqMan PCR assay is exemplified by the following scientific publications: Pennica et al. y Proc. 
Natl. Acad. Sci. USA 95(25): 14717-14722 (1998) (Exhibit E); Pitti et al, Nature 
396(67 12):699-703 (1998) (Exhibit F) andBieche etaL Int. J. Cancer 78:661-666 (1998) (Exhibit 
G), the first two of which I am co-author. In particular, Pennica et al have used the quantitative 
TaqMan PCR assay to study relative gene amplification of WISP and c-myc in various cell lines, 
colorectal tumors and normal mucosa. Pitti et al studied the genomic amplification of a decoy 
receptor for Fas ligand in lung and colon cancer, using the quantitative TaqMan PCR assay. Bieche 
et al used the assay to study gene amplification in breast cancer. 
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7. It is my personal experience that the quantitative TaqMan PCR technique is 
technically sensitive enough to detect at least a 2-fold increase in gene copy number relative to. 
control. It is further my considered scientific opinion that an at least 2-fold increase in gene copy 
number in a tumor tissue sample relative to a normal (i.e., non-tumor) sample is significant and 
useful in that the detected increase in gene copy number in the tumor sample relative to the normal 
sample serves as a basis for using relative gene copy number as quantitated by the TaqMan PCR 
technique as a diagnostic marker for the presence or absence of tumor in a tissue sample of unknown * 
pathology. Accordingly, a gene identified as being amplified at least 2-fold by the quantitative 
TaqMan PCR assay in a tumor sample relative to a normal sample is useful as a marker for the 
diagnosis of cancer, for monitoring cancer development and/or for measuring the efficacy of cancer 
therapy. 

8. T declare further that all statements made herein of my own knowledge are true and 
that all statements made on information and belief are believed to be true. I declare that these 
statements were made with the knowledge that willful false statements and the like so made are 
punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the United States 
Code, and that such willful false statements may jeopardize the validity of the application or any 
patent issuing thereon. 




Date Audrey D. Goddard, Ph.D. 



-3- 



• 



AUDREY D. GODDARD, Ph.D. 



Genentech, Inc. 
1 DNA Way 

South San Francisco, CA, 94080 

650.225.6429 

goddarda@gene.com 



110 Congo St. 

San Francisco, CA, 94131 

415.841.9154 

415.819.2247 (mobile) 

agoddard@pacbell.net 



PROFESSIONAL EXPERIENCE 



Genentech, Inc. 



1993-present 



South San Francisco, CA 

2001 - present Senior Clinical Scientist 

Experimental Medicine / BioOncology, Medical Affairs 

Responsibilities: 

• Companion diagnostic oncology products 

• Acquisition of clinical samples from Genentech 's clinical trials for translational research 

• Translational research using clinical specimen and data for drug development and 
diagnostics 

• Member of Development Science Review Committee, Diagnostic Oversight Team, 21 CFR 
Part 1 1 Subteam 

Interests: 

• Ethical and legal implications of experiments with clinical specimens and data 

• Application of pharmacogenomics in clinical trials 



1998 - 2001 Senior Scientist 

Head of the DNA Sequencing Laboratory, Molecular Biology Department, Research 
Responsibilities: 

• Management of a laboratory of up to nineteen -including postdoctoral fellow, associate 
scientist, senior research associate and research assistants/associate levels 

• Management of a $750K budget 

• DNA sequencing core facility supporting a 350+ person research facility. 

• DNA sequencing for high throughput gene discovery, - ESTs, cDNAs, and constructs 

• Genomic sequence analysis and gene identification 

• DNA sequence and primary protein analysis 

Research: 

• Chromosomal localization of novel genes 

• Identification and characterization of genes contributing to the oncogenic process 

• Identification and characterization of genes contributing to inflammatory diseases 

• Design and development of schemes for high throughput genomic DNA sequence analysis 

• Candidate gene prediction and evaluation 
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1993 - 1998 



Scientist 



Head of the DNA Sequencing Laboratory, Molecular Biology Department, Research 
Responsibilities 

• DNA sequencing core facility supporting a 350+ person research facility 

• Assumed responsibility for a pre-existing team of five technicians and expanded the group 
into fifteen, introducing a level of middle management and additional areas of research 

• Participated in the development of the basic plan for high throughput secreted protein 
discovery program - sequencing strategies, data analysis and tracking, database design 

• High throughput EST and cDNA sequencing for new gene identification. 

• Design and implementation of analysis tools required for high throughput gene identification. 

• Chromosomal localization of genes encoding novel secreted proteins. 

Research: 

• Genomic sequence scanning for new gene discovery. 

• Development of signal peptide selection methods. 

• Evaluation of candidate disease genes. 

• Growth hormone receptor gene SNPs in children with Idiopathic short stature 

Imperial Cancer Research Fund 1989-1992 
London, UK with Dr. Ellen Solomon 

6/89-12/92 Postdoctoral Fellow 

• Cloning and characterization of the genes fused at the acute promyelocytic leukemia 
translocation breakpoints on chromosomes 17 and 15. 

• Prepared a successfully funded European Union multi-center grant application 

McMaster University 1983 
Hamilton, Ontario, Canada with Dr. G. D. Sweeney 

5/83 - 8/83: NSERC Summer Student 

• In vitro metabolism of p-naphthoflavone in C57BI/6J and DBA mice 



EDUCATION 



"Phenotypic and genotypic effects of mutations in 
the human retinoblastoma gene." 
Supervisor: Dr. R. A. Phillips 



Ph.D. 



University of Toronto 
Toronto, Ontario, Canada. 
Department of Medical 
Biophysics. 



1989 



Honours B.Sc 

"The in vitro metabolism of the cytochrome P-448 
inducer p-naphthoflavone in C57BL/6J mice." 
Supervisor: Dr. G. D. Sweeney 



McMaster University, 
Hamilton, Ontario, Canada. 
Department of Biochemistry 



1983 
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ACADEMIC AWARDS 

Imperial Cancer Research Fund Postdoctoral Fellowship 

Medical Research Council Studentship 

NSERC Undergraduate Summer Research Award 

Society of Chemical Industry Merit Award (Hons. Biochem.) 

Dr. Harry Lyman Hooker Scholarship 

J.LW. Gill Scholarship 

Business and Professional Women's Club Scholarship 
Wyerhauser Foundation Scholarship 



1989-1992 
1983-1988 
1983 
1983 

1981-1983 
1981-1982 
1980-1981 
1979-1980 



INVITED PRESENTATIONS 

GenentecfVs gene discovery pipeline: High throughput identification, cloning and 
characterization of novel genes. Functional Genomics: From Genome to Function, Litchfield 
Park, AZ, USA. October 2000 

High throughput identification, cloning and characterization of novel genes. G2K;Back to 
Science, Advances in Genome Biology and Technology I. Marco Island, FL, USA. February 
2000 

Quality control in DNA Sequencing: The use of Phred and Phrap. Bay Area Sequencing 
Users Meeting, Berkeley, CA, USA. April 1999 

High throughput secreted protein identification and cloning. Tenth International Genome 
Sequencing and Analysis Conference, Miami, FL, USA. September 1998 

The evolution of DNA sequencing: The Genentech perspective. Bay Area Sequencing Users 
Meeting, Berkeley, CA, USA. May 1998 

Partial Growth Hormone Insensitivity: The role of GH-receptor mutations in Idiopathic Short 
Stature. Tenth Annual National Cooperative Growth Study Investigators Meeting, San 
Francisco, CA, USA. October, 1996 

Growth hormone (GH) receptor defects are present in selected children with non-GH-deficient 
short stature: A molecular basis for partial GH-insensitivity. 76 th Annual Meeting of The 
Endocrine Society, Anaheim, CA, USA. June 1994 

A previously uncharacterized gene, myl, is fused to the retinoic acid receptor alpha gene in 
acute promyelocyte leukemia. XV International Association for Comparative Research on 
Leukemia and Related Disease, Padua, Italy. October 1991 
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PATENTS 

Goddard A, Godowski PJ t Gurney AL. NL2 Tie ligand homologue polypeptide. Patent 
Number: 6,455,496. Date of Patent: Sept. 24, 2002. 

Goddard A, Godowski PJ and Gurney AL NL3 Tie ligand homologue nucleic acids. Patent 
Number: 6,426,218. Date of Patent: July 30, 2002. 

Godowski P, Gurney A, Hillan KJ, Botstein D, Goddard A f Roy M, Ferrara N, Tumas D, 
Schwall R. NL4 Tie ligand homologue nucleic acid. Patent Number: 6,4137,770. Date of 
Patent: July 2, 2002. 

Ashkenazi A, Fong S, Goddard A, Gurney AL, Napier MA, Tumas D f Wood Wl. Nucleic acid 
encoding A-33 related antigen poly peptides. Patent Number 6,410,708. Date of Patent:: 
Jun. 25, 2002. 

Botstein DA t Cohen RL, Goddard AD, Gurney AL, Hillan KJ, Lawrence DA, Levine AJ, 
Pennica D, Roy MA and Wood Wl. WISP polypeptides and nucleic acids encoding same. 
Patent Number: 6,387,657. Date of Patent: May 14, 2002. 

Goddard A, Godowski PJ and Gurney AL. Tie ligands. Patent Number: 6,372,491. Date of 
Patent: April 16, 2002. 

Godowski PJ, Gurney AL, Goddard A and Hillan K. TIE ligand homologue antibody. Patent 
Number: 6,350,450. Date of Patent: Feb. 26, 2002. 

Fong S, Ferrara N, Goddard A, Godowski PJ, Gurney AL, Hillan K and Williams PM. Tie 
receptor tyrosine kinase ligand homologues. Patent Number: 6,348,351. Date of Patent: 
Feb. 19, 2002. 

Goddard A, Godowski PJ and Gurney AL. Ligand homologues. Patent Number: 6,348,350. 
Date of Patent: Feb. 1 9, 2002. 

Attie KM, Carlsson LMS, Gesundheit N and Goddard A. Treatment of partial growth 
hormone insensitivity syndrome. Patent Number: 6,207,640. Date of Patent: March 27, 
2001. . 

Fong S, Ferrara N, Goddard A, Godowski PJ, Gurney AL, Hillan K and Williams PM. Nucleic 
acids encoding NL-3. Patent Number: 6,074,873. Date of Patent: June 13, 2000 

Attie K, Carlsson LMS, Gesunheit N and Goddard A. Treatment of partial growth hormone 
insensitivity syndrome. Patent Number: 5,824,642. Date of Patent: October 20, 1998 

Attie K, Carlsson LMS, Gesunheit N and Goddard A. Treatment of partial growth hormone 
insensitivity syndrome. Patent Number: 5,646,1 13. Date of Patent: July 8, 1997 

Multiple additional provisional applications filed 
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PUBLICATIONS 

Seshasayee D, Dowd P, Gu Q, Erickson S, Goddard AD Comparative sequence analysis of 
the HER2 locus in mouse and man. Manuscript in preparation. 

Abuzzahab MJ, Goddard A, Grigorescu F, Lautier C, Smith RJ and Chernausek SD. Human 
IGF-1 receptor mutations resulting in pre- and post-natal growth retardation. Manuscript in 
preparation. 

Aggarwal S, Xie, M-H f Foster J, Frantz G, Stinson J, Corpuz RT, Simmons L, Hillan K, 
Yansura DG, Vandlen RL, Goddard AD and Gurney AL. FHFR, a novel receptor for the 
fibroblast growth factors. Manuscript submitted. 

Adams SH, Chui C, Schilbach SL t Yu XX, Goddard AD, Grimaldi JC, Lee J, Dowd P, Colman 
S., Lewin DA. (2001) BFIT, a unique acyl-CoA thioesterase induced in thermogenic brown 
adipose tissue: Cloning, organization of the human gene, and assessment of a potential link 
to obesity. Biochemical Journal 360: 135-142. 

Lee J. Ho WH. Maruoka M. Corpuz RT. Baldwin DT. Foster JS. Goddard AD. Yansura DG. 
Vandlen RL. Wood Wl. Gurney AL. (2001) IL-17E, a novel proinflammatory ligand for the IL- 
17 receptor homolog IL-17Rh1. Journal of Biological Chemistry 276(2): 1660-1664. 

Xie M-H, Aggarwal S, Ho W-H, Foster J, Zhang Z, Stinson J, Wood Wl f Goddard AD and 
Gurney AL. (2000) Interleukin (IL)-22, a novel human cytokine that signals through the 
interferon-receptor related proteins CRF2-4 and IL-22R. Journal of Biological Chemistry 275: 
31335-31339. 

Weiss GA, Watanabe CK, Zhong A, Goddard A and Sidhu SS. (2000) Rapid mapping of 
protein functional epitopes by combinatorial alanine scanning. Proc. Natl. Acad. Sci. USA 97: 
8950-8954. 

Guo S, Yamaguchi Y, Schilbach S, Wada T.;Lee J, Goddard A, French D , Handa H, 
Rosenthal A. (2000) A regulator of transcriptional elongation controls vertebrate neuronal 
development. Nature 408: 366-369. 

Yan M, Wang L-C, Hymowitz SG, Schilbach S, Lee J, Goddard A, de Vos AM, Gao WQ, Dixit 
VM. (2000) Two-amino acid molecular switch in an epithelial morphogen that regulates 
binding to two distinct receptors. Science 290: 523-527; 

Sehl PD, Tai JTN, Hillan KJ, Brown LA, Goddard A, Yang R, Jin H and Lowe DG. (2000) 
Application of cDNA microarrays in determining molecular phenotype in cardiac growth, 
development, and response to injury. Circulation 101: 1990-1999. 

Guo S, Brush J, Teraoka H, Goddard A, Wilson SW, Mullins MC and Rosenthal A. (1999) 
Development of noradrenergic neurons in the zebrafish hindbrain requires BMP, FGF8, and 
the homeodomain protein soulless/Phox2A. Neuron 24: 555-566. 

Stone D, Murone, M, Luoh, S, Ye W, Armani ni P, Gurney A, Phillips HS, Brush, J f Goddard 
A, de Sauvage FJ and Rosenthal A. (1999) Characterization of the human suppressor of 
fused; a negative regulator of the zinc-finger transcription factor Gli. J. Cell Sci. 112: 4437- 
4448. 

Xie M-H, Holcomb I, Deuel B, Dowd P, Huang A, Vagts A, Foster J, Liang J, Brush J, Gu Q, 
Hillan K, Goddard A and Gurney, A.L. (1999) FGF-19, a novel fibroblast growth factor with 
unique specificity for FGFR4. Cytokine 11: 729-735. 
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Yan M, Lee J, Schilbach S, Goddard A and Dixit V. (1999) mE10, a novel caspase 
recruitment domain-containing proapoptotic molecule. J. Biol. Chem. 274(15): 10287-10292. 

Gurney AL, Marsters SA, Huang RM, Pitti RM, Mark DT, Baldwin DT, Gray AM, Dowd P, 
Brush J, Heldens S, Schow P, Goddard AD, Wood.Wl, Baker KP, Godowski PJ and 
Ashkenazi A. (1999) Identification of a new member of the tumor necrosis factor family and its 
receptor, a human ortholog of mouse GITR. Current Biology 9(4): 215-218. 

Ridgway JBB, Ng E, Kern JA ,Lee J, Brush J, Goddard A and Carter P. (1999) Identification 
of a human anti-CD55 single-chain Fv by subtractive panning of a phage library using tumor 
and nontumor cell lines. Cancer Research 59: 2718-2723. 

Pitti RM, Marsters SA, Lawrence DA, Roy M, Kischkel FC, Dowd P, Huang A, Donahue CJ, 
Sherwood SW, Baldwin DT, Godowski P J, Wood Wl, Gurney AL, Hillan KJ, Cohen RL, 
Goddard AD, Botstein D and Ashkenazi A. (1998) Genomic amplification of a decoy receptor 
for Fas ligand in lung and colon cancer. Nature 396(6712): 699-703, 

Pennica D, Swanson TA, Welsh JW, Roy MA, Lawrence DA, Lee J, Brush J, Taneyhill LA, 
Deuel B, Lew M, Watanabe C, Cohen RL, Melhem MF, Finley GG, Quirke P, Goddard AD, 
Hillan KJ, Gurney AL, Botstein D and Levine AJ. (1998) WISP genes are members of the 
connective tissue growth factor family that are up-regulated in wnt-1 -transformed cells and 
aberrantly expressed in human colon tumors. Proc. Natl. Acad. Sci. USA. 95(25): 14717- 
14722. 

Yang RB, Mark MR, Gray A, Huang A, Xie MH, Zhang M, Goddard A, Wood Wl, Gurney AL 
and Godowski PJ. (1998) Toll-like receptor-2 mediates lipopolysaccharide-induced cellular 
signalling. Nature 395(6699): 284-288. 

Merchant AM, Zhu Z, Yuan JQ, Goddard A, Adams CW, Presta LG and Carter P. (1998) An 
efficient route to human bispecific IgG. Nature Biotechnology 16(7): 677-681 . 

Marsters SA, Sheridan JP, Pitti RM, Brush J, Goddard A and Ashkenazi A. (1998) 
Identification of a ligand for the death-domain-containing receptor Apo3. Current Biology 8(9): 
525-528. 

Xie J, Murone M, Luoh SM, Ryan A, Gu Q, Zhang C, Bonifas JM, Lam CW, Hynes M, 
Goddard A, Rosenthal A, Epstein EH Jr. and de Sauvage FJ. (1998) Activating Smoothened 
mutations in sporadic basal-cell carcinoma. Nature. 391(6662): 90-92. 

Marsters SA, Sheridan JP, Pitti RM, Huang A, Skubatch M, Baldwin D, Yuan J, Gurney A, 
Goddard AD, Godowski P and Ashkenazi A. (1997) A novel receptor for Apo2L/TRAIL 
contains a truncated death domain. Current Biology. 7(12): 1003-1006. 

Hynes M, Stone DM, Dowd M, Pitts-Meek S, Goddard A, Gurney A and Rosenthal A. (1997) 
Control of cell pattern in the neural tube by the zinc finger transcription factor Gli-1. Neuron 
19:15-26. 

Sheridan JP, Marsters SA, Pitti RM, Gurney A., Skubatch M, Baldwin D, Ramakrishnan L, 
Gray CL, Baker K, Wood Wl, Goddard AD, Godowski P, and Ashkenazi A. (1997) Control of 
TRAIL-lnduced Apoptosis by a Family of Signaling and Decoy Receptors. Science 277 
(5327): 818-821. 
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Goddard AD, Dowd P, Chernausek S, Geffner M, Gertner J, Hintz R t Hopwood N, Kaplan S, 
Plotnick L, Rogol A, Rosenfield R, Saenger P, Mauras N, Hershkopf R, Angulo M and Attie, K. 
(1997) Partial growth hormone insensitivity: The role of growth hormone receptor mutations in 
idiopathic short stature. J. Pediatr. 131: S51-55. 

Klein RD, Sherman D, Ho WH, Stone D, Bennett GL, Moffat B, Vandlen R, Simmons L, Gu Q, 
Hongo JA, Devaux B, Poulsen K, Armanini M, Nozaki C, Asai N, Goddard A, Phillips H, 
Henderson CE f Takahashi M and Rosenthal A. (1997) A GPMinked protein that interacts with 
Ret to form a candidate neurturin receptor. Nature. 387(6634): 717-21 . 

Stone DM, Hynes M, Armanini M, Swanson TA, Gu Q, Johnson RL, Scott MP, Pennica D, 
Goddard A, Phillips H, Noll M, Hooper JE, de Sauvage F and Rosenthal A. (1996) The . 
tumour-suppressor gene patched encodes a candidate receptor for Sonic hedgehog. Nature 
384(6605): 129-34. 

Marsters SA, Sheridan JP, Donahue CJ, Pitti RM, Gray CL, Goddard AD, Bauer KD and 
Ashkenazi A. (1996) Apo-3, a new member of the tumor necrosis factor receptor family, 
contains a death domain and activates apoptosis and NF-kappa p. Current Biology 6(12): 
1669-76. 

Rothe M, Xiong J, Shu HB, Williamson K, Goddard A and Goeddel DV. (1996) l-TRAF is a 
novel TRAF-interacting protein that regulates TRAF-mediated signal transduction. Proc. Natl. 
Acad. ScL USA 93: 8241-8246. 

Yang M, Luoh SM, Goddard A, Reilly D, Henzel W and Bass S. (1996) The bglX gene 
located at 47.8 min on the Escherichia coli chromosome encodes a periplasmic beta- 
glucosidase. Microbiology 142: 1659-65. 

Goddard AD and Black DM. (1996) Familial Cancer in Molecular Endocrinology of Cancer. 
Waxman, J. Ed. Cambridge University Press, Cambridge UK, pp.1 87-21 5. 

Treanor JJS, Goodman L, de Sauvage F, Stone DM, Poulson KT, Beck CD, Gray C, Armanini 
MP, Pollocks RA, Hefti F, Phillips HS, Goddard A, Moore MW, Buj-Bello A, Davis AM, Asai N, 
Takahashi M, Vandlen R, Henderson CE and Rosenthal A. (1996) Characterization of a 
receptor for GDNF. Nature 382: 80-83. 

Klein RD, Gu Q, Goddard A and Rosenthal A. (1996) Selection for genes encoding secreted 
proteins and receptors. Proc. Natl. Acad. ScL USA 93: 71 08-71 1 3. 

Winslow JW t Moran P, Valverde J, Shih A, Yuan JQ t Wong SC, Tsai SP, Goddard A, Henzel 
W J, Hefti F and Caras 1.(1 995) Cloning of AL-1 , a ligand for an Eph-related tyrosine kinase 
receptor involved in axon bundle formation. Neuron 14: 973-981 . 

Bennett BD, Zeigler FC, Gu Q, Fendly B, Goddard AD, Gillett N and Matthews W. (1995) 
Molecular cloning of a ligand for the EPH-related receptor protein-tyrosine kinase Htk. Proc. 
Natl. Acad. ScL USA 92: 1866-1870. 

Huang X, Yuang J, Goddard A, Foulis A, James RF, Lernmark A, Pujol-Borrell R, 
Rabinovitch A, Somoza N and Stewart TA. (1995) Interferon expression in the pancreases of 
patients with type I diabetes. Diabetes 44: 658-664. 

Goddard AD, Yuan JQ, Fairbairn L, Dexter M, Borrow J, Kozak C and Solomon E. (1995) 
Cloning of the murine homolog of the leukemia-associated PML gene. Mammalian Genome 
6:732-737. 
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Goddard AD, Covello R, Luoh SM, Clackson T, Attie KM, Gesundheit N, Rundle AC, Wells 
JA, Carlsson LMTI and The Growth Hormone Insensitivity Study Group. (1995) Mutations of 
the growth hormone receptor in children with idiopathic short stature. N. Engl. J. Med. 333: 
1093-1098. 

Kuo SS, Moran P, Gripp J, Armanini M, Phillips HS, Goddard A and Caras IW. (1994) 
Identification and characterization of Batk, a predominantly brain-specific non-receptor protein 
tyrosine kinase related to Csk. J. Neurosci. Res. 38: 705-715. 

Mark MR, Scadden DT, Wang Z, Gu Q, Goddard A and Godowski PJ. (1994) Rse, a novel 
receptor-type tyrosine kinase with homology to Axl/Ufo, is expressed at high levels in the 
brain. Journal of Biological Chemistry 269: 1 0720-1 0728. 

Borrow J, Shipley J, Howe K f Kiely F, Goddard A, Sheer D, Srivastava A, Antony AC, 
Fioretos T, Mitelman F and Solomon E. (1994) Molecular analysis of simple variant 
translocations in acute promyelocytic leukemia. Genes Chromosomes Cancer 9: 234-243. 

Goddard AD and Solomon E. (1993) Genetics of Cancer. Adv. Hum. Genet 21: 321-376. 

Borrow J, Goddard AD, Gibbons B, Katz F, Swirsky D, Fioretos T, Dube I, Winfield DA, 
Kingston J, Hagemeijer A, Rees JKH, Lister AT and Solomon E. (1992) Diagnosis of acute 
promyelocytic leukemia by RT-PCR: Detection of PML-RARA and RARA-PML fusion 
transcripts. Br. J. Haematol. 82: 529-540. 

Goddard AD, Borrow J and Solomon E. (1992) A previously uncharacterized gene, PML, is 
fused to the retinoic acid receptor alpha gene in acute promyelocytic leukemia. Leukemia 6 
Suppl3: 117S-119S. 

Zhu X, Dunn JM, Goddard AD, Squire JA, Becker A, Phillips RA and Gallie BL. (1992) 
Mechanisms of loss of heterozygosity in retinoblastoma. Cytogenet. Cell. Genet 59: 248-252. 

Foulkes W, Goddard A. and Patel K. (1991) Retinoblastoma linked with Seascale [letter]. 
British Med. J. 302: 409. 

Goddard AD, Borrow J, Freemont PS and Solomon E. (1991) Characterization of a novel zinc 
finger gene disrupted by the t(15;17) in acute promyelocytic leukemia. Science 254: 1371- 
1374. 

Solomon E, Borrow J and Goddard AD. (1991) Chromosomal aberrations in cancer. Science 
254:1153-1160. 

Pajunen L, Jones TA, Goddard A, Sheer D, Solomon E, Pihlajaniemi T and Kivirikko Kl. 
(1991) Regional assignment of the human gene coding for a multifunctional peptide (P4HB) 
acting as the p-subunit of prolyl-4-hydroxylase and the enzyme protein disulfide isomerase to 
17q25. Cytogenet Cell. Genet 56: 165-168. 

Borrow J, Black DM, Goddard AD, Yagle MK, Frischauf A.-M and Solomon E. (1991 ) 
Construction and regional localization of a Not\ linking library from human chromosome 17q. 
Genomics 10: 477-480. 

Borrow J, Goddard AD, Sheer D and Solomon E. (1990) Molecular analysis of acute 
promyelocytic leukemia breakpoint cluster region on chromosome 17. Science 249: 1577- 
1580. 
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Myers JC, Jones TA, Pohjolainen E-R, Kadri AS, Goddard AD, Sheer D, Solomon E and 
Pihlajaniemi T. (1990) Molecular cloning of 5(IV) collagen and assignment of the gene to the 
region of the region of the X-chromosome containing the Alport Syndrome locus. Am. J. Hum. 
Genet. 46: 1024-1033. 

Gallie BL, Squire JA, Goddard A, Dunn JM, Canton M, Hinton D, Zhu X and Phillips RA. 
(1990) Mechanisms of oncogenesis in retinoblastoma. Lab. Invest. 62: 394-408. 

Goddard AD, Phillips RA, Greger V, Passarge E, Hopping W, Gallie BL and Horsthemke B. 
(1990) Use of the RB1 cDNA as a diagnostic probe in retinoblastoma families. Clinical 
Genetics 37: 117-126. 

Zhu XP, Dunn JM, Phillips RA, Goddard AD, Paton KE, Becker A and Gallie BL. (1989) 
Germline, but not somatic, mutations of the RB1 gene preferentially involve the paternal 
allele. Nature 340: 312-314. 

Gallie BL, Dunn JM, Goddard A, Becker A and Phillips RA. (1988) Identification of mutations 
in the putative retinoblastoma gene. In Molecular Biology of The Eve: Genes, Vision and 
Ocular Disease . UCLA Symposia on Molecular and Cellular Biology, New Series, Volume 88. 
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SIMULTANEOUS AMPLIFICATION AND DETECTION I 
PECIFIC DMA SEQUENCES 
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We have enhanced the polymerase chain 
reaction (PGR) such that specific DNA 
sequences can be detected without open- 
ing the reaction tube. This enhaticemetttt 
requires the addition of ethidium bromide 
(EtBr) to a FCR. Since the fluorescence of 
EtBr increases in the presence of double* 
stranded (ds) DNA an Increase in fluores- 
cence in such a PGR indicates a positive 
amplification, which can be easily moni- 
tored externally. In feet, amplification can 
be continuously monitored in order to 
follow its progress, tile ability to simulta- 
neously amplify specific DNA sequences 
and detect the product of the amplification 
both simplifies and improves PGR and 
may facilitate its automation and more 
widespread use in the clinic or in other 
situations requiring high sample through- 
put 



"carryover" false positives in subsequent testing 1 \ 

These downstream processing steps would be elimi- 
nated if specific amplification and detection of amplified 
DMA took place simultaneously within an unopened re- 
action vessel Assays m which such different processes take 
place without. the need to separate reaction components 
have been termed ^mogeneous\ .No truly homogc- _ 
rieous PGR assay has been demonstrated to date, akhough j 
progress towards this end has been reported. Chehab, et 
at", developed a FCR product detection scheme using 
fluorescent primers that resulted in a fluorescent FCR 
product AHc^pecific primers, each with different fluo- 
rescent tags, were used to indicate the genotype of the 
DNA. However, the unincorporated primers must still be 
removed in a do wnstream process in order to visualize the 
result Recently, Holland, et al> ls , developed an assay in 
Which the endogenous 5' exofludease assay of Taj DNA 
polymerase was exploited to cleave a tobeted oligonucleo- 
tide probe. The probe would only ckave if PCR ampftn- 
cation had produced its complementary sequence. In 
order to deoect the cleavage products, however, a subse- 
quent process is again needed, . 

We have developed a truly homogeneous assay for PGR 
and PGR product detection based upon the gready in- 
creased fluorescence that ethidium btoinSde and other 
DNA binding dyes exhibit when they are bound to.ds- 
DNA t4_l9 . As outbned in Figure J, a prototypic PCR 



Although the potential benefits of PCR 1 to clm- 
kal diagnostics are well known?- 5 , it is suil not 
widely used in this setting, even diough it is 
four year* ciuco thcrn>o*t*bJ« DNA p©iyfn<!*-* 
ases* made PCR practical. Some of the reasons for its slow 
acceptance are high cost, lack of automation of pre-? and 
pose- PCR processing steps, and false positive results, from 
carryoveT-contaminadon, The first two points arc related 
in that labor is the largest contributor to cost at the present 
stage of FCR development. Most current assays require 
some form of "downstream" processing once tnermocy* 
cHng k done in order to determine whether the target 
DNA sequence was present and has amplified. These 
include DNA hybridiwdon**, gel electrophoresis with or 
without use of restriction digestion*:*. HPLC 9 , or aipfllaxy 
electrophoresis 10 . These methods are labor-intense, have, 
low throughput, and are difficult to automate. The third 
point is aLo closcty related to downstream processing. 
The handling of the PCR product in these downstream 
processes increases the chances that amplified DNA will I 
spread through die typing lab, resulting in a risk of 1 
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1 Principle of simultaneous amplification and detection Of 

PCR producL The cottipoacnu of a PCR cotittrinn^ EtBr chat arc 
fl uorescent are hsted—£tBr itsd f, ExBr bound to exher ssDHAm 
dsPN A. There a large fluorescence cnhancctncrtt when EtBr is 
bound to 0NA and bmding is greatly enhanced when DNA is 
daubk-stranded. After sumdent <n) . cycles of PGR. the.net 
increase in dspNA results in additional EtBr bi&dm^ and » net 
increase in total Auoxoccncc: 
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HOW it Gel electrophoresis of PCS. am plification products of the 
human, mtdear gene, HLA DQ&, made in the presence of 
increasing amounts of EtBr (up to 8 H-g/tnl). The presence of 
EtBr t>as no obvious effect on Ac yield or specificity of amplifi- 



cation. 



A. 



B. 





HOTW £ (A) Fluorescence measurement?, -from PCRs that contain 
0.5 jJtg/mi EtBr and that are specific for Y^rotnosoine repeat 
seqoences. Five replicate PCRs were begun containing each of the 
DN M specified. At each indicated cycle, one of the five rcpfcatc 
PCRs for each DNA -was removed from thermocydmg and tt$ 
fluorescence measured. Units of fluorescence art arbitrary. (B) 
UV photography of PGR tube* (0.5 ml Eppcndor&jtylc, jxHyprc- 
pylcne microcentrifuge tubes) containing reactions, those *tatt> 
ing from % ng male DNA and control reactions without any DNA, 
from (A), 



begins with primers that are single-stranded DNA (ss~ 
DNA), dNTPs, and DNA polymerase! An amount of 
dsDNA containing the target sequence (target DNA) is 
also typically present. This amount can vary, depending 
on the application, from single-cell amounts of DNA 17 to 
micrograms per PCR 18 , If EtBr is present, the reagents 
that will fluoresce, in order of increasing fluorescence, are 
free EtBr itself, and EtBr bound to the single-stranded 
DNA primers ami to the double-stranded target DNA (by 
its btercalatton between the stacked bases of the DNA 
doubk^hcJut). After the first denatu ration cyde* target 
DNA will be largely single-stranded. After a PCR is 
completed the most significant change is the increase in 
the amount of dsDNA (the PCR product itself) of up to 
several mierpgrarns- Formerly free EtBr is bound to the 
additional els DNA, resulting in an increase in fluores- 
cence. There is also some decrease in the amount of 
ssDNA primer, but because the binding of EtBr to ssDN A 
is much less than to dsDNA, the effect of this change on 
the total fluorescence of the sample is small. The fluores- 
cence increase can be measured by directing excitation 
iUumination mrough the walls of the amplification, vessel 
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beibrc and after, or even continuously during, thermocy- 
cling. 

RESULTS 

PCR in the presence of EtBr. fa order to assess the 
affect of EtBr io PCR, amplifications of the human H1.A 
DQa gene* 9 were performed with the dye present at 
concentrations from 0.06 to 8.0 u-g^ml (a typical concen- 
tration of EtBr used in staining of nucfek acids following 
g«t electrophoresis Is 0.5 u^/mf). As shown in Figure 2, get 
electrophoresis revealed little or no difference in the yield 
or quality of die amplification product whether EtBr was 
absent or present at any of these concentrations, indicat- 
ing that EtBr does not inhibit PCR. 

Detection of human Y-chromoswiMj specific se» 
cpences. SequerKfc-srjccnfic, fluorescence enhanoement of 
EtBr as a result of PCR was demonstrated in a series of 
amplification containing 0.5 u,g/ml EtBr and primers 
specific to repeat DNA sequences found on the human 
Y-chromosomc 20 - These PCRs initially contained cither 
60 ng male, 60 ng female, 2 ng male human or no DNA. 
Five replicate PCRs were begun for each DNA* After Q, 
17, 21 , 24 and 29 cycles of thermocyding, a PCR for each 
DNA was removed from the thermocyder, and its fluo- 
rescence measured in a spectrofluorometer and plotted 
Vs. amplification cycle number (Fig. 3 A). The shape of this 
curve reflects the fact that by the time an increase in 
fluorescence can be detected, the increase in DNA is 
becoming linear and not exponential with cycle number; 
As shown, the fluorescence increased about three-fold 
over the background fluorescence for the PCRs contain- 
ing human male DNA, but did not significantly increase 
for negative control PCRs, which contained either no 
DNA or human female DNA. The more male DNA 
present to begin with— 60 ng versus 2 ng— the fewer 
cycles were reeded to give a detectable increase in fluo- 
rescence. Gel electrophoresis oo the products of these 
amplifications showed that DNA fragments of the ex- 
pected size were made in the male DNA containing 
reactions and that tittle DNA synthesis took place in the 
control samples. 

In addition, the increase in fluorescence was visualized 
by simply laying the completed, unopened PCRs on a UV 
tranjilhuninatOT and photographing them through a red' 
filter. This is shown In figure SB ibr the reactions thai 
began whh 2 ng male DNA and those with no DNA- 

Detection of specific allele* of me human fl-globin 
gene. In order to demonstrate that this approach has 
adequate specificity to allow genetic screening, a detection 
of the sickle-cell anemia mutation was performed* Figure 
4 shows the fluorescence from completed amplifications 

containing EtBr (0.5- ngteil) a* <teteet£d by photography 

of the reaction cubes on a UV transilluminator. These 
reactions were performed using primer* specific for ei- 
ther the witd-rvpe or skkk-ceil mutation of the human 
P-globin gene* 1 - The sr>ccifkity for each allele is imparted 
by placing the sickle-mutation site at the terminal V 
nucleotide of one primer. By using an appropriate prkner 
annealing temperature, primer extension— and thus an> 
plincatjpn—can take r>laceonIy if the 3' nucleotide of the 
primer is corantementary to the 3-gJtobin allele present"' 22 . 

Each jpair <tf amr^mcanons shown in Figure 4 consists of 
a reaction with either the wiM-type allele specific (left 
tube) or sfckk-alleie specific (right tube) primers. Three 
different DNAs were typed: DNA from a homozygous, 
wfld-typc p~g}obin individual (AA); from a heterozygous 
sickle p-glpbin individual (AS); and from a homozygous 
sickle 0-giobm individual (SS). Each DNA (50 ng genomic 
DNA to start cadi PGR) was analysed m triplicate (3 pairs 




PAGE 3/6 * RCVD AT 7/1S72004 3:10:03 PM (Pacific Daylight Time] * SV1CSVCS01/0 * DNIS:6638 1 CS1D:650 952 9881 * DURATION (mm-ss):0446 



JUL- 19-2004 13:51 FROM : GENENTI 




GAL 650 952 9881 



46638 



0 f reactions each). The DNA .type vas reflected in the ' 
rtjatrve fluorescence intensities in each pair of competed 
flfn pli£cations. There was a significant increase in fluores- 
cence only where a p-globin aDele DNA matched the 
primer act. When measured on a spectrofluororaetcr 
Mata not shown), this fluorescence was about three tiroes 
j^t present in a PCR where both p-globm alleles were 
^matched to the primer set. Gel ckctrophotcsis (not 
fl hown) established that this increase in fluorescence was 
<J«e to the synthesis of nearly a microgram of a DNA 
figment of the expected size for p-globtn. There was 
little synthesis of dsDNA in reactions in which the allele- 
j^edfic primer was mismatched to both alleles. 

GontimioTO monitoring of a PGR. Using a fiber optic 
devker K is possible to direct excitation illumination from 
? spectrofluorometer to a PCR undergoing thcrmocyding 
and to rcticrn its fluorescence to the Rpectroftmoromctcr. 
lie fluorescence readout of such an arrangement, di- 
rected At an EtBr-containing amplification of Y -chromo- 
some specific sequences from 25 ng of toman male DNA* 
is shown in Figure 5. The readout from a control PCR 
wiUi no target DNA is also shown. Thirty cycles of PCR 
were monitored for each. 

The fluorescence trace as a function of time clearly 
shows the effect of the theraocyciing. Fluorescence inten- 
sity rises and fells inversely with temperature* The fluo- 
rescence intensity is minimum at the denaturation tem- 
perature (<M°C) and maximum at the annealin^extension 
temperature (SOX). In the negative-control PCR, these 
fluorescence maxima and minima do not change signifi- 
cantly over the thirty tbennocycte, indicating that there is 
tittle dsDNA synthesis without the appropriate target 
DNA, and there is little if any WeaehW of EtBr during 
the continuous illumination Of the sample. 

In the PCR containing male DNA, the fluorescence 
maxima at the annealing/extension temperature begin to 
increase at about 4000 seconds of thermc<ydiftg, and 
continue to increase with time, indicating that dsDNA is 
being produced at a detectable level. Note that die fluo- 
rescence minima at the denaturatioa temperature do not 
significantly increase, presumably because at this temper- 
ature there is no dsDNA for EtBr to bind- Thus the course 
of the amplification is followed by tracking the ftuorcs-. 
cence increase at the annealing; temperature. Analysis of 
the products of these two amplifications by gel electropho- 
resis showed a DNA fragment of the expected sire for the 
male DNA containing sample and no detectable DNA 
synthesis for the control sample. 

DISCUSSION 

Downstream processes such as hybridization to a se- 
qucncen&pecinc probe can enhance the specificity of DNA 
dccevUMU Ii> FCR. The chmioatkm of thcac processes 
means that' the specificity of this homogeneous assay 
depends solely on dial of FCR* In the case of skkle-cell 
disease, we have shown that PGR alone has sufficient DNA 
sequence specificity to permit genetic screening. Using 
Appropriate amplification conditions, there is little non- 
specific production of dsDNA in the absence of the 
appropriate target alkie. 

The specificity required to detect pathogens can be 
more or less than that required to do genetic screening, 
depending on the number of pathogens in the sample and 
the amount of other DNA chat must be taken with the 
sample. A difficult target is HIV, Which requires detection 
of a viraJ genome that can be at the level of a few copies 
per thousands of host cells* Compared with genetic 
screening, which is performed on cells containing at least 
one copy of the target sequence, HtV detecdon requires 
both more speeifidty and the input of mote total 
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/photography of FCR tubes containing ainpfineauoiu 
_ that are specific to wild-type (A) or licwe CS) alleles of 
the firman 0-globin gene. The left of each pair of tubes contains 
aflele-qicciric primers to the wild-type alleks, the right lube 
primers to the sicWe atlek- The phmograph was taken after 30 
cycles of PCHi awl the input DNAs and the alleles they contain 
radicated. Fifty ng of DNA was used to OCgjn PGR. Typing 
done in triplicalc (3 pattt of FCR*) tor each input DNA: 
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RWKS Continuous, realtime monitoimgof aPCIL Afibcr c-mk 
was used to carry excitation Jtght tn a KJR m progress and also 
emitted light back to a fluoromctcr (sec Experimental Protocol). 
AmpHficauoQ using human nialo-DNA specific pnmcrs in a PCR. 
starting with 20 ng of human male DNA (top), or in x control 
FOTwthovt DNA (bottom), were roonitared. Thirty cydej of 
PCR were followed for each* The temperature Cycled between 
94*C (denaturadoti) and 50*C (annealing and extension), Notr m 
the male DNA PC&.the cycle (tunc) dependent increase in 
fluorescence at the anneaHng/extension temperature, 
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DNA — up to micrograoa amounts—in order to have suf- 
ficient numbers of target sequences. This large amount of 
starting DNA m an amplification signitjcautly increases 
the background fluorescence over which any additional 
fluorescence produced by PCR must be detected. An 
additional complication that occurs with targets in low 
copy-number is the formation of the * fc primer-dimer" 
artifact. This is the result of the extension of one primer 
using the other primer as a template. Although this occurs 
infrequently, once it occurs the extension product is a 
substrate for PGR amplification, and can compete with 
true PCR targets if those targets are tare. The primer- 
dimcr product i$ of course dsDNA and thus is a potential 
source of false signal in this homogeneous assay, 

To increase PGR spedflcky ana reduce the effect of 
primer-dimcT amplification, we are investigating a num- 
ber of approaches, including the use of nested-primer 
amplifications that take place in a single tube 8 , and the 
"hot-start", in which nonspecific amplification is reduced 
by raising the temperature of the reaction before DNA 
synthesis begins 25 . Preliminary results using these ap- 
proaches suggest that r>runer-dimcT b effectively reduced 
and it is possible to detect the increase in EtBr fluores- 
cence in a PCR instigated by a single HIY genome in a 
background of 10 9 celts. With largo* numbers of cells, the 
background fluorescence contributed by genomic DNA 
becomes problematic- To. reduce th5s background, it may 
be possible to use sentence-specific DNA-binding dyes 
that can be made to preferentially bind PCR product over 
genomic DNA by incorporating the dye-binding DNA 
sequence into the PCR product through a 5' *add-on" to . 
the olironodcoddc primer*' 1 . 

We have shown that the detection of fluorescence 
generated by an EtBr-containing PCR is straightforward, 
both once PGR is completed and continuously during 
thermocycKng, The ease with which automation of spe- 
cific DNA detection can be accomplished is the most 
promising aspect of this assay. The fluorescence analysis 
of completed PCRs is already^ossiblc with existing instru- 
mentation in 96- well format* 5 *. In tills format, the fluores- 
cence in each PCR can be quantitated before* after, and 
even at selected points during therraocyeiing by moving 
the rack of PCRs to a 96-mictowcM plate fluorescence 
reader* 0 . 

The instrumentation necessary to continuously monitor 
multiple PCRs simultaneously is also simple in principle. 
A direct extension of the apparatus used here is to have 
multiple fiberoptfes transmit the excitation light and flu- 
orescent emissions to and from multiple PCRs. The ability 
to monitor multiple PCRs continuously may allow quan- 
titation of target DNA copy number- Figure 5 shows that 
the larger the amount of starting target DNA, the sooner 
during PGR a fluorescence increase is detected. Prelimi- 
nary experiments <Higuchi and DoUinger, manuscript in 
preparation) with continuous mor&oring have shown a 
sensitivity to two-fold differences in initial target DNA 
concentration. 

Conversely, if the number of target molecules is 
known — as it can be in genetic screeiung-^ntinuous 
monitoring may provide a means of detecting false posi- 
tive and false negative result*. With a known number of 
target molecules, a true positive would exhibit detectable 
fluorescence by a predictable number of cycles of PCR. 
Increases in fluorescence detected before or after that 
cycle would indicate potential artifacts. False negative 
results due to, for example> inhibition of DNA polymer- 
ase, may be detected by including within each PCR an 
inefficiently amplifying marker. This marker results in a 
fluorescence increase only after a large number of Cy- 
cles — many more than are necessary to detect a true 
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positive. If a sample fails to have a fluorescence increase 
alter this many cycles, inhibition may be suspected. Since, 
to this assay, conclusions are drawn based on the presence 
or absence of fluorescence signal alone, such controls may 
be important. In any event, before any test based on this 
principle is ready for the clink, an assessment of its fake 
positive/false negative rates will need to be obtained using 
a large number of known samples. 

In summary, the inclusion m PCR of dyes whose fluo- 
rescence is enhanced upon binding dsDNA makes it 
possible to detect spcci&c DNA amplification from outside 
the PGR tube. In the future, instruments based upon this 
principle may facilitate the more widespread use of PCR 
in applications that demand the high throughput of 
samples. 

EXPERIMENTAL PROTOCOL 

Human HLA-BOa gent ampHSeationa dmtaining EtBr. 
PCRs were set up tnlOO pA volumes containing 10 mM Tris^Hd 
pH 8.3; 50 mM KCI; 4 mM MgO*: « unit* of taa DNA 
polymerase (Peraht^ymcr Ccm.v Norwalfc, CT); 20 pinole each 
of human HtA-DQa gene specific oligonucleotide primers 
GH26 and CH27 1 * and approximately 1<T copies of DQfc PCR 
product diluted from a previous inaction. Ethidium bromide 
(EtBr; SigtrcO was used at tbe ccmcentrations indicated in Figure 
2. Thcnnocyding proceeded for 20 cycles in a model 46D 
thcrmocyder (Perkm-Elmcr Cetua, Norwalk., CT) using a "rtcp- 
cycic" program of 94*C for 2 mm. dcoatunuion and 6oHT- for $0 
sec anneafing and 72°C for 30 sec. extension. 

Y-chromowmc specific PCR* PCRs (100 ul total reaction 
volume) cemtaming 0.5 j^g/ml EtBr were prepared as described 
For HLA-DQcr, except with different primers and target DNAs. 
These PCRs contained ! $ pmolc each male DNA-spcciSc primes 
YI.l and Yl.2 w , and cither 60 ng male, 60 nc female, 2 ng male, 
or no human DNA. Thermocyding was £Mt*CTor 1 min < and 60^C 
for 1 min using a "stcp<ycle* pro^rntm. Tbc number of cycles for 
a sample were as indicated in figure 3. Fluorescence measure- 
ment is described below. 

AUek-spccific, human frtfobixi PCR* AmpUncaiions of 
100 fU volume USttlfc 0 5 UgAnl of £lBr were prepared a? 
described for HLA-DQ* above except with different primers and 
target DNAs. These PCRs contained eilber. primer pair 
Hp HA <wB<Hype tfobin speculc primers) or HGP2/Hfil4S (side- 
le-riobin spedKc primers) at 10 pmoJe each primer per PCR. 
These primers were developed by Wu ct aL 21 . Three different 
UCgei DNAs were tutcd uy separate aenpttneauonsr— 50 flg each of 
human DNA that was homozygous for the sfcVk trait <5S), DMA 
that was heterozygous for the sickle trak (AS), or DNA that was 
homozygous For Ute w.t- gloom (AA). Thcrmocycfing was For SO 
cycles at *TC for 1 min. and 55*C for 1 min. using 9 "ftep*y&T 
program. An annealtng temperature of 5S°C bad been shown fcy 
Wu et aL 21 to provide ailcle^pcrific amplification. Completed 
PCRs were photographed through a red fitter <Wratien 23A) 
after placing the reaction tubes atop a model TM-36 transiHumi- 
nator (UV-produas Sari'Gabricl, CA). 

Fhicntescence measurement. Ftuorescemx racasurcraen w were 
mail on PCRs containing EtBr in a Fluorolog-2 Oncometer 
(SPEX, Edison, NJ). Excitation was at the 500 nm band with 
ahour 2 nm bandwidth with a GO 4HS nm cut-off filter {Mciles 
Grist, Inc., Irvine. CA) to exclude second-order light. Emitted 
light was detected at 5 70 nm with a bartd<ridth of about 7 nm< An 
OG 530 urn cutoff fitter was used to remove the excitation tight- 

ContiououA Huore5)cence xoomtormg of PCR, Continuous 
monitoring of a PCR in progress was accomplished using tnc 
Bpcctroftuorometcr and setdngB described above as well as a 
nberoptic accessory (SPEX cat no. 1950) to both send cxettauoa 
light to, and receive emitted tight from, a PCR placed in a well oj 
a model 480 inrj-mocycfcr (Pcrkb-Elmer Cetus). The probe end 
of the fiberoptic cable was attached with **5 owute-cpoxy* u> ite 
open top of a PCR tube (a 0.5 ml ^ypropykmc centrifuge tube 
with its cap removed) effectively sealing rL The exposed tor > oj 
the PCR tube and the end of die fiberoptic cable were shielded 
from room light and the room lights were kept dimmed during 
each run. The monitored PCR was an amplification of y<bro- 
rnosdrne^pedne repeat seuoences as described above, except 
using.an anricah'nc^extension temperature of SOX, The reaction 
was coveted with miner*! oil (2 drops) to prevent evaporation- 
Therrnocychng and fluorescence rocasuremcnt vere started si- 
multaneously, A time-base scan with a 10 second integranon tone 
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icm u«sd and the emtacioa signal was ratioed to ibc fxcitatfoi) 
rngod control for chauflss in Jight-JKHircc intensity. Data were 
^Sleeted using the dra3Q0Ot, version fc,5 (SPEX) data system. 
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IMMUNO BIOLOGICAL LABORATORIES 



sCD-14 EUSA 

Trauma, Shock and Sepsis 




The CD-14 molecule is expressed on the surface of 
monocytes and some macrophages. Membrane- 
bound CD-14 is a receptor for lipopotysaccharide 
{LPS) complexed to LPS-Binding-Protein (LBP). The 
concentrailon of Its soluble form is aftered under 
certain pattological conditions. There is evidence for 
an Important role of sCD-14.with pofytrauma, sepsis, 
burnlng$ and inflammations. 
During septic conditions and acute infections it seems 
to be a prognostic manner and is therefore of vaJue in 
monitoring these patients. 



IBL offers an EUSA for quantitative determination of 

soluble CD-14 in human serum, -plasma, cell-culture 

supernatants and other biological fluids. 

Assay features: 12x8 determinations 
(microliter strips), 
precoated with a specific 
monoctonal antibody, 
2x1 hour incubation, 
standard range: 3-96 ng/ml 
detection limit 1 ng/ml 
CV: intra- and interassay < 8% 



For more information call or fax 



GeSELLSCHAFT FUR IMM'UNCHEMIE UND -BIOLOGIE MBH 

05TERSTRASSE 86 - D- 2000 HAMBURG 20 • GERMANY- TEL. +40/491 00 61-64 • FAX +40 /40 11 98 
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SIMULTANEOUS AMPLIFICATIOK AND DETECTION f 
SPECIFIC DMA SEQUENCES 

Russell Higuchi*, Gavin DoIKjigerS P« Sean ^ 

Roche Molecular System*. Inc.. 1400 55rd St.. Emeryville, CA 94608- 'Chiron Corporation, 1400 53rd St, Enusryvwlc, CA 
JW60& ♦Corresponding author. 



We have enhanced the polymerase chain 
reaction (PGR) such that specific DNA 
sequences can be detected without open- 
ing the reaction tube. This enhancement 
requires the addition of ethidium bromide 
(EtBr) to a PCR. Since tfae fluorescence of 
EtBr increases in the presence of double* 
stranded (ds) DNA an increase in flnores- 
cence in such a PGR indicates a positive 
amplification, which can be easily moni- 
tored externally. In fact, amplification can 
be continuously monitored in order to 
follow its progress. Hie ability to simulta- 
neously amplify specific DNA sequences 
and detect the product of the amplification 
both simplifies and improves PCR and 
may facilitate its automation and more 
widespread use in the clinic or in other 
situations requiring high sample through- 
put 

Although the potential benefits of PCR 1 to.cUo- 
kal diagnostics arc wefl known 2 *, it is suli not 
widely used in this setting, even though it is 
four year* fciuco thcrmo^W* DMA poty" 1 * 1 ** 
»e$ 4 mad* PCR practical. Some of the reasons for it* slow 
Acceptance are high cost, tact of automation of pre-? and 
post-PCR processing steps, and false positive results, from 
carryovcT-contamination, The first two points arc related 
in that labor is the largest contributor to cost ait the present 
stage of PCR development. Most Current assays require 
some form of "downstream" processing once tbermocy* 
ding is Hone in order to determine whether the target 
DNA sequence was- present and has amplified. These 
include DNA hybridization 5 * gel eJectropboTeiUs with or 
without use of restriction digestion*:*. HPLC 9 , or capillary 
electrophoresis 10 . These methods are labor-intense, have, 
low throughput, and axe dirnculi to automate. The third 
point is abo closely related to downstream processing. 
The handling of the PCR product in these downstream 
processes increases the chances that amplified DNA . will 
spread through the typing lab, resulting in a risk of 



"carryover'' false positives in subsequent testing". 

These downstream processing steps would be elimi- 
nated rf specific amplication and detection of amplified 
DNA took place simultaneously within an unopened re- 
action vessel Assays in which such different processes take 
place without. the need to separate reaction components 
have been termed '^homogeneous* 1 . No truly homoge- 
neous PCR assay has been demonstrated to date, although 
progress towards this end has been reported. Chenab, et 
a).™ developed a PCR product detection scheme using 
fluorescent primers that resulted in a fluorescent PCR 
product Allcic^pecinc primers, cadi with different fluo- 
rescent tags, were used to indicate the genotype of the 
DNA. However, the anincorporated primers must still be 
removed in a do wnstream process in order to visualize the 
result Recently, Holland, et a!> u \ developed an assay, in 
which the endogenous 5" exOnudease assay of TttJ DNA 
polymerase was exploited to cleave a labeled oligonucleo- 
ude probe. Hie probe would only deave if PCR axnpfifi* 
cation had produced its complementary sequence. In 
order to detect the dcavage products, however, a subse- 
quent process is again needed. 

We have developed a truly homogeneous assay for PGR 
and PGR product detection based upon tbc gready in- 
creased fluorescence that ethidium bromide and other 
DNA binding dyes exhibit when they are bound to_ds- 
DNA t4: " ie . As outhncd in Figure 1, a prototype PCR 
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RQina 1 Principle of simultaneous amplification and detection of 
PCR product: The compOnenU- of a PCR COOtainh^ EtBr rhat arc 
fluorescent are listed— EtBr itself, EtBr bound toother ssDNA or 
daDN A. There is a large Cuiorescenoc enhancement when EtBr is 
bound to DNA and hmdirig k gt^catly enhanced when DNA .is 
deuhtc-stranded, Ater sumdent <n) cycles of PGR, the net 
increase in dipNA results in additional EtBr bintfin^ and Z net 
increase in total fluorescence: 



BQTK^NOtOGY VOL 10 AP^1W2 
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fHW % Gel electrophoresis of PCR amplification products of the 
human, nuclear gene, HLA DQd, made in the presence of 
increasing amounts of EtBr (up to 8 ngfanl). The presence of 
EtBr has no obvious effect on the yield or spcdfldty of amplifi- 
cation. 



A. 




B. 




ROOK ft (A) Fluorescence measurement* forth PCRs tbdt contain 
0.5 pgfai! EtBr and that are specific for Y-chrotnoAOnie repeat 
sentence*. Five replicate PCRs <*ere begun containing each of the 
DNA* specified. At each indicated cycle, one of the five replicate 
*Cfc5 for each DNA was removed from thcrmocyding and Hs 
fluorescence measured, Unit* of fluorescence Art arbitrary. (B) 
UV photography of PGR tube* (0.5 nil EppcndOTf^tylc, poiyprO* 
pykne mw3v<*ntri£ugc tubes) containing reactions, those start- 
ing from 5 ng male DNA and control reactions without any DNA, 
from (A), 



begins with primers that are single-stranded DNA (ss- 
DNA)» dNTPs, and DNA polymerase! An amount of 
dsDNA containing the target sequence (target DMA) is 
also typically present. This amount can vary, depending 
on the application, from stogie-cell amounts of DNA 17 to 
micrograms per PCR^ 8 . If EtBr is present, the reagents 
that will fluoresce, in order of incrca&ng fluorescence, are 
free EtBr h>cjf, and EtBr bound to the single-stranded 
DNA primers and to the double-stranded target DNA (by 
its intercalation between the stacked bases of the DNA 
doobJc^hcfe)* After the first denatu ration cyde, target 
DNA will be largely single-stranded. After a VCR is 
completed, the most significant change is the increase in 
the amount of dsDNA (the PCR product itself) of tip to 
several micrograms. Formerly free EtBr is bound to the 
additional dsDNA, resulting in an increase in fluores- 
cence. There is also some decrease in the amount of 
ssDNA primer, but because the binding of EtBr to s&DNA 
is much Jess than to dsDNA, the effect of this change on 
the total Ruoretccncc of the sample is small. The fluores- 
cence increase can be measured by du^eting excitation 
iUuminatxon through the walls of the amplirkarion vessel 
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before and after, or even continuously during, thermocy- 
ding. 

RESULTS 

PCR in the presence of EtBr. In order to assess the 
affect of EtBr in PCR, anronficauons of the human Hl^\ 
DQa gene >9 were performed with the dye present at 
concentrations from 0.06 to 8.0 p-g^ml (a tyoteaj concen- 
tration of EtBr used in staining of nucleic aads following 
get electrophoresis is 0.5 p.g/ml). As shown in Figure 2, gel 
electrophoresis revealed little or no difference in the yield 
or quality of the amplification product whether EtBr was 
absent or present at any of these concentrations, indicat- 
ing that EtBr does not inhibit PCR. 

Detection of human Y-chromownro specific 
auences. Seo^nce-srxiafic, fluorescence enhancement of 
EtBr as a result of PCR was demonstrated in a series of 
amplifications containing 0.5 tigfrnl EtBr and primers 
specific to repeat DNA sequences found on the human 
Y-chromosomc 20 . These PCRs initially contained cither 
6t> ng male, 60 ng female, 2 ng roak human or no DNA. 
Five replicate PCRs were begun for each DNA* After 0, 
17, 21 , 24 and 29 cycles of thermocyding, a PCR for each 
DNA was removed from the theiTOOcyder, and its. fluo- 
rescence measured in a spcctroflxiorometer and plotted 
vs. amplification cyde number (Fig. 3 A). The shape of this 
curve reflects the fact that by the time an increase in 
fluorescence can he detected, the increase in DNA i* 
becoming linear and not exponential with cyde number; 
As shown, the fluorescence increased about, three-fold 
over the background fluorescence for the PCRs contain- 
ing human male DNA, but did not significantly increase 
for negative control PCRs, which contained either no 
DNA or human female DNA. The more male DNA 
present to begin with— 60 ng versus 2 ng— me fewer 
cycles were needed to give a detectable increase in fluo- 
rescence. Gel electrophoresis on the products of these 
amplifications showed that DNA fragments of the ex- 
pected s&c were made in the male DNA containing 
reactions and that Hide DN A synthesis took place in the 
control samples. 

In addition, the increase in. fluorescence was visualised 
by simply laying the completed, unopened PCRs on a UV 
tramilhiminator and photographing them through a red 
filter. This is shown in figure SB lor the reactions that 
began with 2 ng male DNA and those with no DNA* 

Defection of specific allele* of the human fl-globio 
gene. In order to demonstrate that this approach has 
adequate specificity to allow genetk screening* a detection 
of the skkle-ceil anemia mutation was performed Figure 
4 shows the fluorescence from completed amplifications 

containing EtBr (0.5 |tgfail) as detected by photography 

of the reaction tubes on a UV transiUaminator. These 
reactions were performed using primer* specific for ei- 
ther the wild-type or skkk-ceil mutation of the human 
p-globin gene". The sp^fidty for each allele is imparted 
by placing the sickie-mutation site at the terminal 3' 
nucleotide of one primer. By using an appropriate primer 
annealing temperature, primer extension — and thus am- 
plification: — can take place only if the S' nucleotide of the 
primer is complerDcntary to the p-gJobin allele present"^ 
Each pair of amplications shown in Figure 4 consists of 
a reaction with etcher the wild-type allele specific (left 
tube) or sieklc-aUele specific (right tube) primers. Three 
different DN As were typed: DNA from a homozygous, 
wHd-typc p-globin individual (AA); from a heterozygous 
sickle p-globin individual (AS); and from a homozygous 
sickle p-gflobio individual (SS). Each DNA (50 ng genomic 
DNA to start each PGR) vyas nnalyzed m triplicate (3 pairs 
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c f reactions each). The DNA .type vas reflected in the 
^jative fluorescence intensities in each pair of completed 
Am p]i£crtk>m. There was a significant increase in fluores- 
cence only where a ^globin aflele DNA matched the 
primer set. When measured on a spectroflnorometer 
Mata not shown), this fluorescence was about three times 
dtft present in a FCR where both p-gfobin alleles were 
j^bitiatchcd k> the primer set. Gel electrophoresis (not 
^ 0 wn) established tnat this increase in fluorescence was 
due to the synthesis of nearly a microgram of a DNA 
fragment of the expected size for p-globin. There was 
litdc synthesis of dsDNA in reactions in which the allele- 
specific primer was mismatched to both alleles. 

Continuous me^MtoHng of a PCZL Using a fiber optic 
devker it is possible to direct excitation illumination from 
? spectrofluorometer to a PGR undergoing thcrmocycling 
and to retirrn its fluorescence to the xpcctroftuoronietcr. 
The fluorescence readout of such an arrangement, di- 
fcctcd at an EtBr-containing amplification of Y-chromo- 
w rae specific sequences from 25 n^r of human male DNA* 
is shown in Figure 5. The readout from a control r*CR 
wHli no target DNA b also shown. Thirty cycles of PCR 
vere monitored for each. 

The ftuorcsccnce trace as a function of time dearly 
shows the effect of the thennocyding. Fluorescence inten- 
sity rises and .&db mvcrscly with temperature. The fluo- 
rescence intensity is minimum at the denaturation tem- 
perature (94°Q and maximum at the annealin ^extension 
temperature (50°C). Itx the negative-control PCR, these 
fluorescence maxima and minima do not change signifi- 
cantly over the thirty tbexraocycks, indicanng that there is 
little dsDNA synthesis without the appropriate target 
DNA, and there is little if any Weaefwiig Of EtBr during 
the continuous illumination Of the sample. 

Jn the PCR containing male DNA, the fluorescence 
maxima at the annealing/extension temperature begin to 
increase at about 4000 seconds" of theiroc<yding J and 
continue to increase with time, indicating that dsDNA is 
being produced at a detectable level. Note that the fluo- 
rescence minima at the denaturation tempcranire do not 
significantly increase, presumably because at this temper- 
ature there is no eUDNA for EtBr to bind- Thus the course 
of the amplification is followed by tracking the Auorcs-. 
cence increase at the annealing temperature. Analysis of 
the products of these two amplifications by gel dectropho- 
taws showed a DNA fragment of the ejqiectcd size for the 
male DNA containing sample and no detectable DNA 
synthesis for the control saropfe* 

DISCUSSION 

Downstream processes such as hybridization to a se- 
quence^pecific probe can enhance die specificity of DNA 
dctcviiui; by PGR. The chrauxttKm of theac processes 
means that' the specificity of this homogeneous assay 
depends solely on that of VCtL In the case of skkle-cell 
disease, we have shown that PCR alone has sufficient DNA 
sequence specificity to permit genetic screening. Using 
appropriate amplification conditions, there is tittle non~ 
spedfic production of dsDNA in the absence of the 
appropriate target allele. 

The specificity required to detect pathogens can be 
more or less than that required" to do genetic screening, 
depending on the number of pathogens in the sample and 
the amount of other DNA that must be taken with the 
sample. A difficult target is HIV, which requires detection 
of a viraJ genome that can be at the level of a few copies 
per thousands of host cells* Compared with genetic 
screening, which is performed on ceils containing at least 
one copy of die target sequence* HIV idetection requires 
both more specificity and the inpxtf of more »>ral 
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_ „ UV photography oT PCR tubes containing RinDUncftUons 
using EtBr that are specific to wild-tppc (A) or iicfck (5) attd« of 
the human 0-gloMn gene. The left of each i^rctf tubes contains 
aBete-spcdfic primer* to the wild-type alleles, the right tube 
primers to the sicWe aflek- The photograph was tafceb after 30 
cycles of PCR, and the input DNAs and the alkies they contain 
are indicated. Fifty ng of DNA was used to bepn PGR. Typing 
was done in triplicate (3 pair* of PCRs) for each input DNA: 
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RGOn S Continuous, rcaWme monitoring of a PCIL A fiber optic 
was oscd « carry excitation light tn a ftJR ra progress and also 
emitted Ught back to a finoromcficr (see Exoenmcntal Protocol). 
AnrpHficadon using human malo-DNA specific primers in a PCR 



starung with 20 ng of human male DNA (top), of in a control 
PCR without DNA (bottom), were roonhorcd. Thirty cydes of 
PCR were ronowed for each. TW temperature cycled between 
94*C (denaturation) and 50*C (annealing and extensjon). Note in 
the male DNA PCE, the cycle (droc) dependent increase in 
fluorescence at the aoueafingtatension lemperature. 
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DNA-— up to microgram amounts— in order to have suf- 
ficient numbers of target sequences. This large amount of 
starting DMA m an amplification signi^cantly increases 
the background fluorescence over which any additional 
fluorescence produced by PCR must be detected. An 
additional complication that occurs with targets in tow 
copy-number is the formation of the ^rimer-dimer" 
artifact. This is the result of the extension of one primer 
using the other primer a$ a template. Although this occurs 
infrequently, Once it occurs the extension product is a 
substrate for PCR amplification, and can compete whh 
true PGR targets if those targets are rare. The primer- 
dimer product is of course dsDNA and thus U a potential 
source of false signal in this homogeneous assay. 

To increase FCR specificity and reduce the effect of 
primer-dimcT amplification, we are investigating a num- 
ber of approaches, including the use of nested-primer 
amplifications that take place in a single tube 8 , and the 
"hot-start", in which nonspecific ampurkation is reduced 
by raising the temperature of the reaction before DNA 
synthesis begins 25 . Preliminary resuhs using these ap- 
proaches suggest that nrimcr-duneT is effectively reduced 
and it is possible to cfeteet the increase in EtBr fluores- 
cence in a PCR instigated by a single HIV genome in a 
background of 10* celts. With Urge? numbers of ceils, the 
background fluorescence contributed by genomic DNA 
becomes problematic. To reduce thjs background, it may 
be possible to use sentence-specific DNA-binding dyes 
that can be made to preferentially bind PCR product over 
genomic DNA by incorporating the dye-binding DNA 
sequence into the PCR product through a 5' *add-on" to . 
the olironodcotidc primer* 1 . 

We have shown that the detection of fluorescence 
generated by an EtBr-containing PCR is straightforward, 
both once PCR is completed and continuously during 
ihermocyding. The ease with which automation of spe- 
cific DNA detection can be accomplished is the most 
promising aspect of this assay. The fluorescence analysis 
of completed PCRs is alreadyjpossible with existing instru- 
mentation in 96-weJl format**. In this format, the fluores- 
cence in each PCR can be uuantitated before* after, and 
even at selected points during therroocyciing by moving 
the rack of PCRs to a Q^-microwcU plate fluorescence 
reader* 0 . 

The instrumentation necessary to continuously monitor 
multiple PCRs simultaneously is also simple in principle, 
A direct extension of the apparatus used here is to have 
multiple fiberoprics transmit the excitation light and flu- 
orescent emissions to and from multiple PCRs. The ability 
to monitor multiple PCRs continuously may allow quan- 
titation of target UNA copy number- Figure & shows that 
the larger the amount of starting target DNA 4 the sooner 
during PCR a fluorescence increase is detected. Prelimi- 
nary experiments <Higuchi and DoUinger, manuscript in 
preparation) with continuous monitoring have shown a 
sensitivity to two-fold differences in initial target DNA 
concentration. 

Conversely* if the number of target molecules is 
known — as it can be in generic screerung—^ntmuous 
monitoring may provide a means pf detecting false posi- 
tive and false negative results. With a known number of 
target molecules, a true positive would exhibit detectable 
fluorescence by a predictable number of cycles of PCR. 
Increases in fluorescence detected before or after that 
cycle would indicate potential artifacts. False negative 
results due to, for example » inhibition of DNA polymer- 
ase, may be detected by including within each PCR an 
inefficiently amplifying marker. This marker results in a 
fluorescence increase only after a large number of cy- 
cles—many more than are necessary to detect a true 



positive. If a sample fails to have a fluorescence increase 
alter this many cycles, inhibition may be suspected. Since, 
in this assay, conclusions are drawn based on the presence 
or absence of fluorescence signal alone, such controls may 
be important. In any event before any test based on this 
principle is ready for the clinic, an assessment of its false 
positive/false negative rates wui need to be obtained using 
a large number of known saraplcs- 

In summary, the inclusion ba PCR of dyes whose fluo- 
rescence is enhanced upon binding dsDNA makes it 
possible to detect specific DNA amplification from outside 
the FCR tube. In the future, instruments based upon this 
principle may facilitate the more widespread use of PCR 
in applications that demand the high throughput of 
samples- 

EXPERIMENTAL PROTOCOL 

Human HLA-DQa gtttt *mpKfksuio»s containing EtBr. 
PCRs were set up ml 00 nJ volumes containing 10 mM Tris-HCK 
pH 8.3; 50 mM KCI; 4 mM MgCl*: « uni<> of tatt DNA 
polymerase (PerkhwEhncr Cctus, Norwalk* CT); 20 pinole each 
of human HlA-DOn " gene specific oligonucleotide primers 
(iHt& and CH27 19 and apprcoamater/ 10* copies of DQfc PCR 
product diluted from a previous inaction. Ethidiuni bromide 
(El Br; Sigma) was used at the concentration* indicated io Figure 
2. Thcrmocyding proceeded for 20 cycles in a model 480 
dicrmocydcr <Perfcio-EJrner Ccw, Norwalk, CT) using a "step- 
cycle" program of 94*C for I mimdeuatuiatiofi and 6<rO for w 
sec annealing and 72*C for 30 sec. extension. 

Y-chromowmc specific PCR* PCRs (100 ul total reaction 
volume) containing 03 j*e/ml EtBr were prepared as described 
tor HLA-DQcr, except wim different primers and target DNAs. 
These PCRs contained 1 5 pmolc each male DN A-*pcctfic primer* 
YI. J and Vi.2*\ and cither 60 ng male, 60 og female, 2 ng male, 
or no human DNA. Thennocyding was94 6 C Tor I min- and StfC 
for 1 min using a * stcp-cyde* p rogram. The number of cycles for 
a sample were as indicated in Figure 3. Fluorescence measure- 
ment is described below. 

AUefc-speoffic, human £-giofrra gco* PCR, Amplifications of 
100 fU vpJume using 0 5 fig/ml of ZtBr were prcj>ared *s 
described for HLA-DQ& above except with different pruner* and 
target DNAs. These PCRs contained either, primer pair HGPtf 
H$MA (wBo-type globin speculc primers) or HOPSWlpliS 
lc-riobin spedne primers) at 10 pmole each primer per FCR. 
These primers were developed by Wu ct ai al . Three different 
target DNA* were used in separate amplificatkm&— 50 rig each of 
human DNA that was homozygous for the sfcWc trait (SS)» DNA 
that was heterozygous for the sickle trak (AS), or DNA that was 
homozygous for the W.l. £lobin (AA). Thcrmocycfing wa* For 20 
cycles at WC for 1 min. and 55*C for 1 min. xtmg a "stcp-cycte'' 
program. An anneaHog temperature of had been shown try 
Wu et al 21 io provide allcic^pctirk amplification. Completed 
PCRs were photographed through a red filter (Wratten -23 A) 
after placing the reaction lube? amp a model TM-S6 ironwHuOU- 
nator <UV-product5 &rV Gabriel, CA>. 

Fluorescence measurement. Ftuorescet>CC racasurcraenw were 
mad* on PCRs containing EtBr in a Fluorolog~2 0ttoromCter 
(SPEX* Edison. NJ). Excitation was at the 500 nra band with 
about 2 nm bandwidth with » GG 435 nm cutoff filter JfMcJies 
Grist, Inc.* Irvine. CA) to exclude second-order light. Emitted 
light was detected at 570 nm with a bandwidth of about 7 ron- An 
OG 530 nm cut-oftT fiUcr was used to remove the excitation hght 
ContJtHtoo* ftoor«seence m on ito r ing of FCR, Connnoous 
monitoring of a PCR in progress was accomplished using mc 
Bpcctrofluorometer and settings described above as well a* a 
fiberoptic accessory <5P£X caL no. 1950) to both send excrtauon 
fight to, and receive emitted light from, a PGR placed in a wcU of 
a model 480 iheTmocyder (Fcrkm-Elmer Cetus). The probe end 
of the fiberoptic cable was attached w nh "5 nunutc-cpoxy* to uw 
open top of a PCR tube (a 0.5 ml potypropylene centrifuge tube 
with its cap removed) effectively scaling A. The exposed tof » erf 
the PC?R tube and the end of the fiberoptic caWe were shielded 
from room light and the room light* were kept dimmed during 
each run- The monitored PCR was an amplmcaiion of V-cnro- 
rnosorne^pedne repeat sequence* as described above, except 
using^an anneaUng^extension temperature of BOX. The reaction 
was Covered with mineral oil {2 drops) to prevent evaporation- 
Tbermcicydiinr; and fluorescence measurement were started si- 
multaneously, A ume-basc scan with a 10 second Kitegradoo mnc 
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km and the emission signal was ratfoed to' the excitation 

art*] u> control foe Chattftes in Iteht-iourcc intcrunty. fat* were 
)cdcA using the dro30Q0f, version £.5 (SPEX) data system. 
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IMMUNO BIOLOGICAL LABORATORIES 



sCD-14 EUSA 

Trauma, Shock and Sepsis 




The CD-14 molecule is expressed on the surface of 
monocytes and some macrophages. Membrane- 
bound CD-14 is a receptor for lipopolysacchaiide 
(LPS) comptexed to UPS-Binding-Pratein (LBP). The 
concentration of te soluble toim is aftefed under 
certain pathological conditions. There is evidence for 
an Important note of sC0-14.with polytrauma, sepsis, 
burnings and inflammations. 
During septic conditions and acute infections it seems 
to be a prognostic marker and is therefore of vafue in 
monitoring these patients. 



IBL offers an EUSA for quantitative determination of 
soluble CD-14 in human serum, -plasma, cell-culture 
supernatants and other biological fluids. 
Assay features: 12x8 determinations 
(microliter strips), 
precoated with a specific 
monoclonai antibody, 
2x1 hour incubation, 
standard range: 3-96 ng/rm 
detection limit 1 ng/mi 
CVrintra- and interassay < 8% 

For more information call or fax 
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Oligonucleotides with Fluorescent Dyes at 
Opposite Ends Provide a Quenched Probe 
System Useful for Detecting PCR Product 
and Nucleic Acid Hybridization 

Kenneth J. Livak, Susan J.A. Flood, Jeffrey Marnwo, William Gtusti, and Karin Deetz 

. PerkJn-Glmcr, Applied iMosystcms Division, Foster city, California 94404 



The 5' tiiictoasft PC ft assay datactv the 
accumulation of specific PCR product! 
by hybrldUaiton and cleavage of a 
double-labeled fluorogentc probe 
during the amplification reliction. 
The probe Is an oligonucleotide with 
both a reporter fluorescent dye and a 
quencher dye attached. An Increase 
in reporter fluorescence Intensity In- 
dicates that the probe has hybridized 
to the target PCR product and has 
been cleaved by the S'-*3' nude- 
oiytlc activity of Too DNA polymerase. 
In Oils itudy, probes with the 
<|Menchcr dy« attached to an Internal 
nucleotide were compared with 
probe* with the quencher dya at- 
tached to the 3 '-end nucleotide. In all 
cases, the reporter dye was attached 
to the S' end. All Intact probes 
showed quenching of the reporter 
fluorescence. In general, probes with 
the quencher dye attached to the 3 - 
end nucleotide exhibited a larger sig- 
nal In the 5' nuclease PCR assay than 
the Internally labeled probes. It Is 
proposed that the larger signal Is 
caused by Increased likelihood »f 
cleavage by Taq DNA polymerase 
when the probe Is hybridized to a 
template strand during PCR. Probes 
with the quencher dye attached to 
the 3 '-end nucleotide also exhibited 
an Increase In reporter fluorescence 
Inlariftlty when hybridized to a com- 
plementary »traud. Thus* oligonucle- 
otides with reporter and quencher 
dyes attached at opposite ends can 
be used as homogeneous hybrldUa- 

ZXQ%\ 



homogeneous ausay for detecting 
tin* tuvumuUtlou of specific PCJR prod- 
uct that uses a double-labeled fltioro- 
genie probe was described by Lee et al. 0> 
The assay exploit!! the 5' - » 3' nude- 
olytlc activity of Taq DNA poly* 
ijieiaae 17 -^ and fe diagramed in Figure U 
'flic flu erogenic pi-uhe consists of an oli- 
gonucleotide* with a reporter fluorescent 
dye, .nihIi ab h fluorescein, attached To 
the 5' id; and a quencher dye, such as a 
rhodaminc, attached Internally, When 
the fluorescein is excited by Irradiation, 
lis fluorescent omission will he 
quenched if the ihudaiiiiuc Is close 
enough to be excited through the pro- 
cess of fluoresce,! k.v energy transler 
(ITX)." During PCK, if the probe is hy- 
bridled to a template ttiaud, Taq DNA 
polymerase will cleave the probe be- 
cause of Us inherent ,V »* 3' nucleolytlc 
activity. If the cleavage occur* between 
the fluorescein and rhodaminc dyes, it 
causes an increase in flumes vein fluores- 
cence intensity because the fluorescein 
is no longer quenched. The increase in 
fluorescein fluorescence Intensity indi- 
cate thai the probe-specific PCR product 
lias hirer i generated. Thus, FET between a 
i«|hjMcj dye and a quencher dye Is criti- 
cal to the performance of the piube iii 
the 5' liULltraM.- PCR avsay. 

Quenching is completely dependent 
on the physical proximity of thv two 
dyes.w Because of this, U has Inruii a.v 
sumcd that the quencher dye niu»t be 
attached neai the 5' end. Surprisingly, 

we have found that attaching a rho- 
dauiiite dye at the 3' cud of a pterin: 



PCR assay, tanner more, cleavage of Ihls 
type of pn)he us not required to acfiieve. 
some reduction In quenching, pli gomi- 
clcotldcs with a reporter dye on the V 
end and a quencher dye on the 3' end 
exhibit a much higher reporter fluores- 
cence when doiiDie-stranded as com- 
pared with single-stranded* This should 
make it possible to use this type of dou- 
ble- labeled probe for homogeneous de- 
tection of nucleic acid hybridization. 



MATERIALS AND METHODS 
Oligonucleotides 

Table 1 shows the nucleotide sequence 
of the oligonucleotides used In this 
study. Linker arm nucleotide. (LAN) 
phosphoramidhc was obtained from 
Glen Research. The standard UNA phos- 
phor*, ni elites, 6<arhoxy fluorescein (6- 
FAM) phosphorainJdtte, fi -car boxy tet- 
ramcthylrhodaminc succinimldyl ester 
(TAMRA NHS ester), and Phosphalink 
for attaching a 3* -blocking phosphate, 
were obtained hum Per kin-Elmer, Ap- 
plied fc.o$ystem$ Division. Oligonucle- 
otide synthesis was performed using an 
ABI model 394 DNA synthesiser (Applied 
Biosystems). Primer and complement 
ollgonueleondes were purUicu using 
Ollgu Purification Cartridges (Applied 
Blosys terns). IX/uulc-lubcJcd prnues were 
rtyrnheshed with o-l*AM-labeied phov 
pliwidiiiidile al the 5' und. JAN replacing 
one. of the Ts in the sequence, and Phos- 
phalink at the 3' end. Following de- 
piotet.tloii and cthuuol precipitation, 
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FICURt 1 Diagram of 5' nuclease assay. Stepwise representation of tne 5' 3' nudeutyfic ac- 
tivity of T&q UNA polymerase acting oh a ftuorugenic probe duriiiK one extension phase of l'c:R. 



n>M Na-blcart>oh&u: buffer (pU 9.0) ftl 
room temperature. Unreached dye was 

iciuuved by p^ssa^e ovci n I'D-10 Scpha* 

dcx eolumn. Finally, Ihc double-labeled 
probe, was purified by preparative high- 
performance liquid chromatography 
(UPU:j using an Aquaporc 0 K 220x4.6- 
mm column with 7-M-m particle size. The 
column was developed with a 24-m]ti 
linear gradient of $-20% ucctottttrllc in 
0.) m TEAA (tricthy)omlne acetate). 
Probes are named by designating the se- 
quence from Tabic 1 and the position of 
the UN-TAMRA moiety, Tor example, 
probe A1-7 has sequence Al with LAN- 
TAM1\A at nucleotide position 7 from the 
5' end. 



PCR Systems 

All PCR amplifications were performed 
in the Pcrkin- Elmer GoncAmp PGR Sys- 
tem 96UU using MJ-nJ reactions thai con- 
tained 10 mM Tris-HCl (pH o.3), 50 iiim 
KCI, 200 *iM d/VH\ 200 \lm dClV, 200 u,m 
dGTP, 400 u.m dUTP, 0.5 unit of AinpUr- 
ase uracil N-glycosylase (Perkm-Elmer), 



gene (nucleotides 2141-2435 in the se» 
quence of Naka)lmo-Iljima ei al.) (7i was 
amplified using primer* APP and AJU* 
(Tabic 1), which are modified slightly 
from those of du Brcull ct al, cw Actln am- 
plifteotion reactions contained 4 mM 
M S<.-h, 20 ng of human genomic 1>NA, 
SO nM Al or A3 probe, and 300 nM each 



primer. The thermal regimen was S0 u C 
(2 mln), GST, (\ 0 mln), <10 cycles of 95 8 C 
(20 sec), 60°C (1 mln), and hold at 72«C. 
A 515-bp segment was amplified frutsi a 
pjasmld that consists ol a segment nl X 
DNA (nucleotides 32,220-32,747) in- 
serted in the Sntal site of vector pUCl 19. 
lliese reactions cuutulmtu 3.5 him 
M K ( l\ 2t 1 ng of plasinid DNA, 50 riM P2 or 
P5 probe, 200 nwi primer PI If), aiid 200 
iim pj unci R11S>. The thermal regimen 
was 50X (2 mln), (10 mln), 25 cy- 
cles of 9$"C (20 sec), 57%: () mln), ami 
hold at 72*G 



Fluorescence Detection 

Por each amplification reaction, a 40-mJ 
aliquot ol a sjsmpie was transferred to an 
Individual well of a white, OfUwoll micro, 
titer plate (Perkin-illmer). Fluorescence 
was measured on the Pcrkin-Elmcr Taq- 
Wan LS-SOB System, which consists of a 
luminescence spectrometer with plalc 
reader assembly, a 485-nm excitation £11* . 
ter, and a 515«nm emission filler. Exclta. 
tiun was at 4&8 mn using a ,Vnm slit 
width. Emission was measured at S18 
: nm for 6-PAM (the. reporter or H value) 
and SR2 nm for TAM1U (the quencher or 
Q value) using a 10-nm slit width. To 
determine the Incicasc in icpoitei emis- 
sion that Is caused try cleavage of the 
probe during POK, three normalisations 
ate applied to the raw emission data. 
First, emission intensity of a buffet blank 
Is subtracted lot each wavelength. Sec- 
ond, emission Intensity of the reporter is 



TABLE 1 


Sequenced of Oligonucleotides 




Name 




.Sequence. 


PI 19 


priincr 


ACCCACAGOAACTCiAl CACCACTC 


K139 


primer 


AiX3•rcoaJ < ^rcccK5C:lr.A<:crI^T^•c^f: 


pa 


. probe 


•l OGCATXACrO AlXXi'lUXJCU^ACX^CTp 


P2C 


complement 


CTACrccrrcGCAACXJATCACrrAATGcrjviC 


PS 


probe 


CU0AJ*n'GCnX»OTA1'CrATt^CAACCATp 


rsc 


cumpleniciu 


Tnr^TcxrrrcTCATAC^ACX^ocvv^ 


AM 1 


primer 


TCACCCAOVCTGTGCCCATCTACQA 


ARP 


primer 


CAOWUAAC^XKnXAFTUaAATOU 


Al 


probe 


ATOCCCKXXXX^KJO^lCCroOOTp 


Air. 


cump]em«rj( 


A(^t:c:{^(u;A'ix:(:(Jvrt;t:c;c:t:A<;t:t;cuTAC 


A3 


piobc 


CGCCCr6CACTrCCA0CAA0A0AT|» 


A3c^ 


curuplexueul 


COATrTCnTnCTC0AAGTCCAC5fiGCC»AC 



For each oUgonuclcutiilc used In tills study, the nucleic add sequence U givcii, written in the 
&' » 3' dirvxtioii. Theie are three types of oligonucleotides; TCR primer. fluorogenJc probe usee 
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A1-10 ^TaCCCTSLXJCCl'ATCCVAOWKXXTJP 
A 1-36 I^^CCC<^<:c^:V4<X.C:VJ<5f.^^<ip 



Prab* 


GlBnm 


682 nm 


no- 


RO* 


AflO 




nn t*mp 




no Ump. 


* (*mp. 










24.5 4 2.1 


92.7 i 1.0 




39-2:* 2.D 


0.C? 4 0.01 


o.eo i o.otj 


0.10 d o.og 


Ai»r 


03.0 4 4.3 


30S.1 Si '2 1.4 


ioe.&»6.3 


1 10.3 J* 5-3 


040 ♦ 0.04 


a.sft*o.i7 




AW4 


127.0*4.0 


403.3 * td.1 


to0.7±S.3 


03. ti s.3 


l.lftiO.03 




3.IIM O.tS 




107.;;* i7.e 


43*9.74 7.7 


70.3 * 7.4 


7X0* 9.0 


3.67 d O.06 


6.00 4 0,16 


0,13a 0,16 


A 1-22 


224.G J 0,4 


48&,tt ± 43.6 


100.0 ±4.0 




&£& 1 0.03 


5.02 1 0.1 1 


C77 4 0.12 


A1-26 


I60.S J 0.9 


464.1 1 


± 


uu./ ± a.* 




±O0tt 


torn 



fiGUHt 2 RoulU of 5* nuclraor *>*«y * i»m>ariiUj p-wlin probe* with TAMRA at different micle 
otkte positions. As described In Materials ana Methods, I'Ot amplifications containing the In- 
dicated probes were performed, and the fluoruieviicv emission was measured at 518 and 582 nm. 
Reported value* are the average* 1 s.o» for six reactions mn without added template (no temp.) 
and six reactions run with template («l tcjnp.). The HQ ratio was calculated for each individual 
reaction and averaged to give the rcporteZfRQ" Mid HQ 1 values. 



aivjcicU by the emission intensity oflhtr 
quencher to give an RQ ratio for each 
reaction tube. Tills normalizes tor wcll- 
to-well variations in probe concentra- 
tion and fluorescence measurement. Ft* 
* nally, ARQ is calculated by subtracting 
the KQ value of the no-template control 
fRQ"') from the KQ value for iIm win- 
pietc reaction including template 

RESULTS 

A senes of probes with increasing du- 
umees Detwecn the fluorescein reporici 
and rhodamluc quencher were tested to 
mvesngate the minimum and maximum 
spacing that would give an acceptable 
performance in the 5' nuclease I'CK as- 
say. Tnese pTubes hybridize to a target 



sequence in the human p-actin gene, 
FJguic 2 shows the results of on experi- 
ment in which these probes were In- 
cluded in PCR thai amplified a segment 
of the (S-iieUn genu containing the Uigct 
Sequence- IViumiittiice In the S 1 nu- 
clease PCR assay Is monitored Iry the 
magnitude of AUQ, which Is* a measure 
of the tncrease in reporter fluorcscum* 
utuacd by PCR amplification of the 
probe target. Probe Al-2 ha> a 4KQ value 
that is close to zero. Indicating thai the 
probe was not cleaved appreciably dur- 
ing the amplification reaction. Tlii?i Sug- 
gest* that with ihc quencher dye on the 
>ecund nucleotide, from the .V end, there 
Is insufficient khiiii Jot Ttty polymerase 
to cleave efficiently between the reporter 
and quencher. The other five probes ex- 
hibited comparable AKQ values thai ate 



clearly different from 7.cro. Thus, all five 
probes art* befog cleaved during W:k am- 
plification resulting in a similar Increase 
hi importer nuoiesuuiee. H ahouid be 
noted that complete digestion of a probe 
produces a much larger increase in re- 
porter fluorescence Uun that observed 
in Figure 2 (data not shown). Thus, even 
In reactions where amplification occurs, 
the. majority of probe molecules remain 
unclcaved. It is mainly for this reason 
that the fluorescence intensity of the 
quencher dye TAMRA changes Utile with 
amplification nf the targrt. This Is wbal 
allows us to use the £02~nm fluorescence, 
reading as a normalization factor. 

The magnitude of RQ* doponri* 
mainly on the quenching efficiency in- 
herenr in the specific structure ol the 
probe and the purity of the oligonucle- 
otide. Thus, the larger HQ" values Indi* 
cate that prohes Al-14, AJ-19, Al-22, and 
Al-26 probably have reduced quenching 
as compared with Al-7. Still, the degree 
of quenching is sufficient to detect a 
htghly significant Increase In rcp<»rtcr 
fluorescence when each of these probe* 
ia cleaved during PCR. 

To further investigate the ability of 
'J AMRA on the 3' end to quench fi-PAM 
on the 5' end, three additional pairs of 
probes were tested in the 5' nuclease 
PCR unsay. Vot each pair, one probe has 
TAMRA attached to nn internal nucle- 
ullde and the othei has TAMRA atladicd 
to the 3' end nucleotide. The results ate 
shown hi Table 2. Kor all three sets, the 
probe with the 'J' quencher exhibits o 
ARQ value thai is considerably hi^hd 
than for the probe with the Intern a J 
quencher. The RQ' values suggest thni 
differences in quenching arc not as ^cut 
as those observed with some of the Al 
pTobcs, These results demonstrate ihot o 
quencher dye on the 3' end of an oligo- 
nucleotide can quench efficiently the 
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TABLE 2 Results of S' Nuclease Assay Comparing Prober wlUi TAMRA Attached to an Internal or 3' -terminal Nucleotide 



618 um 



5R2 nm 



Probe. 


no temp. 


+ temp. 


IK) Lcmp. 


+ temp. 


HQ 






A3-6 
A3-24 


54.6 a. 3.Z 
72.1 It 2.9 


84.8 z 3.7 
236.5 i 11.1 


116,2 2. 6,4 
84.2 * 4,0 


n.s,b J- 2,5 
90.2 :l 3,8 


0,47 a. 0.02 
0.86 a. 0.02 


0.73 a. O.OH 
2.62 ± 0.05 


U.26 ± 0.04 
1.76^0.05 


V2-7 
Ml 


82.8 2. 4.4 
113.4 s; 6.6 


384.0 ± 34.1 
555.4 ± 14.1 


ioyi x 6.4 
140.7 + 8,5 


120.4* 10.2 
118.7 2:4.8 


0.79 i 0.02 

agi ± o.oi 


3.19 *ai6 
4.68 ±010 


2.40 t« O.K. 
3,88 T 0.10 


I'S-IO 
TS-28 


77^ ± 6-S 
. 64.0 jl S.z 


244.4 X 16.9 
333.6 ± 12.1 


86.7 JL 4,3 
100.6 ± 6.) 


OS.8^6.7 
94.7 Z 6.3 


0.89 * 0,05 
0-A3 ± 0,02 


2-55 ?. 0,06 
3.53 ^ 0.12 


1,66 ± 0.08 
2.89 i 0.13 



FTOI 



1_* — -w-. i^s^ah T**,»s»m anrt rau-iiUUons wiitt oerformcd as described In Moieriol McU\ods and in the legend to Hlg. 2, 
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fluorescence of a reporter dye on the 5' 
end. The degree of quenching Is suffi* 
cjenL for Hi in type of oligonucleotide to 
be used as a probe in the .V nuclease PCH 
assay. 

To test the hypothesis that quenching 
by a .V TAMRA depends on the flexibility 
of t)ia oligonucleotide, fluorescence was 
meatmen) fur probes in the Single- 
stranded and double stranded states. TV 
hie 3 reports Die fluorescence observed 
at S18 and 582 nm, The relative degree 
of quenching Is assessed by calculating 
the RQ ratio. For probes with TAMRA 
<v-)0 nucleotides from the S' end, there 
is little difference in the HQ values when 
comparing single-stranded with double- 
stranded oligonucleotides, The results 
for probes with TAMBA At the 3* end are 
much different. For these probes, hy- 
bridization to a complementary strand 
causes a dramatic Increase in HQ. We 
propose that this loss of quenching is 
caused by the rigid Structure of double* 
Stranded UNA, which prevents the 5' 
and 3' ends from being in proximity. 

When TAMRA is placed toward the 3' 
end, there Is a marked Mg 2< effect on 
quenching. Figure 3 shows a plot of ob- 
served RQ values for the Al series of 
probes as a function of Mg 2 * 1 concentra- 
tion. With TAMRA attached near the 5' 
end (prohe Al-2 or Al-7), the value at 
0 niM Mg 2 " is only Slightly higher than 
RQ at 10 inw Mg* 4 . l J or probes AM9, 
Al-22, and Al»26, the RQ values at 0 mtu 
Mg* 4 are very high. Indicating a much 



roduced quenching efficiency. For each 
of these probes, thcie b a marked de- 
crease in lO* at 1 mM Mg' 4 followed by 
u gradual decline as the Mg* 1 luuccu- 
truflon increases to 10 n)M, 1'iulic Al-14 
shows mi intermediate RQ value at 0 mM 
U$ 74 with a gradual decline at higher 
Mg 7 * H coiKenlialluus. In a low-sail en- 
vironment with no Mg^ present, a sln- 
glc-stranded oligonucleotide would he 
expected to adopt an extended confor- 
mation because of clcctrosiatlc repul- 
sion. The binding of Mg* 4 ions acts to 
shield the negative charge of the phos- 
phate backbone so that the oligonucle- 
otide can adopt conformations where 
tho :V end is close to the >V end. There- 
fore, the observed Mg 2 1 effects support 
the notion that quenching ol a 5' re- 
porter dye by TAMRA at or near the 3' 
end depends on the flexibility of the oli- 
gonucleotide. 

DISCUSSION 

The striking finding of this study is that 
it seems Ok- riiodamlne dye TAMKA, 
placed at any position in an oligonucle- 
otide, can quench the fluorescent emis- 
sion of a fluorescein «H ; AM) placed at 
the 5' end, This Implies that a single- 
stranded, double-labeled oligonucle- 
otide must he able to adopt conforma- 
tions where the TAMRA Is close to rhe. 5' 
end. It should !«• noted that the decay of 
tf-l'AM In the excited state requires a cer- 
tain amount of time. Therefore, what 



TABLC 3 Comparison of Plumc\cen<c BmUaious o/ .single-stranded ana 
Double-** randed Fluoiogenk PidbeN 



518 nm 



58?. nm 





a$ 


ds 


W 


Us 


S3 


ds 


Al-7 


27. 7 S 


68.53 


61. OS 


imma 


0.4S 


(1.50 


Ab26 


43.31 


509.38 


53.50 


93.86 


0.81 


5.43 


A3-6 


16.75 


62.88 


39,33 


16S.57 


0.43 




A.V24 


30,05 


578.64. 


67.72 


140.25 


0.4$ 


3.21 


P2-7 


35.02 




A4.63 


121.09 


0.64 


0.58 


J'2-27 


30.A9 


320.47 


65.1U 


61.13 


0.61 


S.25 


PS- 10 


27.34 


144.B5 


01,95 


165.54 


0.14 


0.87 


p.«;-2n 


33.65 


462.29 


71.30 


104.6] 


0.46 


4.43 



(sa) single-stranded. J ne fluorescence emissions at 538 or 582 nm for solutions containing a final 
concentration of 50m* Indicated probe, lu mM Tris-HCI (pH 8.3), 50 rrtM KG. and 10 niM MgCl^. 
(ds) Dtmble-strandpd. The solutions contained, in addition, 100 «M A1C hn pmhw Al-7 and 
Al-26, 100 nM A3C for probes A3-6 and A3-24, 100 rtM l*2C (or probes K2-7 and I7.27, or 100 nM 
T5C for prober PS* 10 and VA-ZH. before me addition of MxC»l», J W nJ of each Mllllplc was Heated 
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matter* for quenching t» not the average 
distance between o-i-am and TAMRA 
but, rather, how Close TAMRA can get lo 
6*MM during die lifenme of the 6-rAM 
excited state. As long «s the decay time of 
the excited stale is relatively long coin- 
parcel with the molecular motions of the 
oligonucleotide, quenching can occur. 
Thus, we propose that TAMRA at the 3' 
end, or any other position, can quench 
o-FAM at the 5' end because TAMRA Is in 
proximity to tf»KAM often enough to be 
able to accept energy transfer from an 
excited 6.FAM. 

Details of The fluorescence measure- 
ments remain puzzling. For example. Ta- 
ble 3 shows that hybridization of probes 
A 1-26, A3-24, and P5-28 to their comple- 
mentary sirands nor only causes a large 
increase in 6*FAM fluorescence at 518 
run but also causes a modest increase in 
TAMRA fluorescence at 582 nm. If 
Tamra is being excited by energy trans- 
fer from quenched 6-1'AM, then loss of 
quenching attributable to hybridization 
should cause a decrease In the fluores- 
cence emission of TAMRA. the fact that 
the f (uoicscencc emission of TAMRA in- 
creases indicates that the situation Is 
more complex. For example, we have an» 
ecdmal evidence that the bases of the 
Oligonucleotide, especially Ci, quench 
the fluorescence of both O-FAM and 
TAMRA to some degree. When double* 
stranded, base-pairing may reduce the 
ability of the bases to quench. The pri- 
mary factor causing the quenching of 
6->AM in on intact probe Is the TAMRA 
dye.. Hvidcncc for die important* of 
TAMRA is that 0 FAM flunuacencc 
remains relatively unchanged when 
probes labeled only with 6-FAM are used 
In the 5' nuclease l'CR assay (data not 
shown). Secondary effectors of fluorev 
cence, both before and afiei cleavage of 
the probe, need to be. explored further. 

Regardless of the physical mecha- 
nism, the relative independence of posi- 
tion and quenching greatly simplifies 
the design of probes for the S' nuclease 
PCR asf*ay. There are three main factors 
that determine, the performance of a 
double-labeled fluorescent probe In the 
V nuclease PCtt assay. The first factor Is 
the degree of quenching observed In the 
intact probe. Tills b characterized by the 
value of RQ' , which Is the ratio of re- 
port cr to quencher fluorescent cmis 
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mM Mg 

flCURE 3 Kffeet 6f M$ K< eono&ntration on RQ ratio for the AJ seriex of probes. The fluorescence 
emission Intensity ai 518 and 532 run was measured for solution* containing 50 i\m probe, JO mM 
Tri$-HCl (pH 6.3), 50 mM KCL and varying amounts (0-10 nm) of MgCJ 2 . Ihe calculated kQ 
ratios (518 nm Intensity divided by .S82 nm intensity) an- plotted vs. MgCI A concentration (mM 

Mk). Tli« tay (upjtKf figtd) almwa I he fiiolnsk examined. 



dyes used, spacing between reporter and 
quencher dyes, nucleotide sequence 
context effects, presence of structure or 
olhei faciurs that induce flexibility of 
the oligonucleotide, and purity of the 
probe. The second factor is the efficiency 
of hyhi ideation, which depends Oil 
probe r uv presence of secondary struc- 
ture In probe or template, annealing 
temperature, and other reaction condi- 
tions. The third factor Is the efficiency at 
which Taq DNA polymerase cleaves the 
bound probe between the reporter and 
quencher dyes. This cleavage Is depen- 
dent on sequence complementarity be- 
tween probe and template as shown by 
Uie observation that mismatches in the 
segment between reporter and quencher 
dyes drastically reduce the cleavage of 
probe.' 1 ' 

The rise in RQ' values for the Al se* 
ncs of probes seems to Indicate that the 
degree of quenching is reduced some- 
what as the quencher is placed toward 
the 3' end, ihe lowest apparent quench* 
ing Is observed for probe Al-19 (see Fig. 
3) rather than for the probe where the 
TAMRA Is at the 3' end (ai-Z6). This u 
understandable, as the conformation of 
the 3' end position would be expected to 
be less restricted than the conformation 
of an internal position. In effect, a 
quencher at the 3' end is freer to adopt 
conformations close to the 5' reporter 
dye than is an internally placed 

9X0® 



probes, the interpretation of RQ values 
is less clear-cut. The A3 probes show the 
some trend as Al, with the 3' TAMRA 
piobc having a larger RQ ' than the iiv 
ternal TAMRA probe. For the F'2 pah, 
Ixrih probes have annul the same RQ" 
value. Pot the PS probes, the RQ for the 
y probe is less than for the internally 
labeled probe. Another factor that may 

explain some of the observed variation is 
that purity affects the RQ~ value. Al- 
though all probes are HPLC puiificd, a 
small amount of contamination with 
unquenched reporter coin have a large ef- 
fect on HQ . 

Although there may be a modest ef- 
fect on decree of quenching, the posi- 
tion of the quencher apparently urn 
have a large effect on ihe efficiency of 
probe cleavage. The most drastic effect is 
observed with probe Al-2, where place- 
ment of the TAMRA on the second nu- 
cleotide c educes ihc efficiency of cleav- 
age to almost zero. For the A3, 1% and PS 
probes, ARQ is much greater for the 3' 
TAMRA prone.* as compared with the in- 
ternal TAMRA probes. This is explained 
most easily hy assuming lluu piobes 
with TAMRA at the 3' end are more likely 
to be cleaved between lepottei and 
quencher than are probes with TAMRA 
attached internally. For the Al probes, 
the cleavage efficiency of pmbe Al-7 
must already he quite high, as ARQ docs 
not increase when the quencher is 
nUrwl nncer m th»» .V end. This illus- 



trates the importance of being able to 
use probes with a quenchor on the 3* 
end in the S' nuclease PCR atisay. In this 
assay, an increase In the intensity of re- 
porter fluorescence is observed only 
when the probe is cleaved bet ween lliv 
reporter and quencher dyes. By placing 
the iupurlur and queue) 11*1 dyes on the 
opposite end* of an oligonucleotide 
probe, any cleavage that occurs will be 
detected, Whcu the quencher is ut inched 
to an Internal nueJeoddu, sometimes the 
piobe works well (Al-7) and other limes 
not so well (A3-6). The relatively poor 
performance of probe A3-6 presumably 
means tho probe it being cleaved 3' to 
the quencher ruth or than between the 
rr*pnripr and quencher, Therefore, the 
best chance of having a probe that reli- 
ably detects accumulation of PCH prod- 
uct in the V nuclease I'CK assay is to use 
a probe with The reporter and quencher 
dyes on opposite ends. 

Placing the quencher dye on the 3' 
end may also provide a slight benefit lit 
terms of hybridisation efficiency. Ihe 
presence of a quencher attached to an 
Internal nucleotide might be expected to 
disrupt base-pairing and reduce the T m 
of a probe, hi fad, a 2 n (%-3t! reduction 
in T m lias been observed for two probes 
widi internally attached TAMKA*. This 
disruptive effect would be minimised by 
placing the quencher at the 3 1 end, Thus, 
probes with 3' quenchers might exhibit 
slightly higher hybridisation efficiencies 
Ihun piul>es wiLh inter uaJ queitcheis. 

The combination of increased cleav- 
age and hybridisation efficiencies means 
that probes with 3' quenchers probably 
will be mote tolerant of mismatches be- 
tween profcc and target fla compared 
wtlh internally labeled probes. Tins tol- 
erance of mismatches can be advanta- 
geous, as when trying to use o single 
probe to detect PCK-amplificd products 
fa mi sample* uf dif fei enl species. Also, it 
mean's that cleavage of probe during PGR- 
Is ICS! Sensitive to alterations in fuV 

nealing temperature or other reaction 
conditions. The one application where 
tolerance of mismatches may be a disad- 
vantage is for allelic discrimination. I^»c 
ct al. 0> demonstrated thai allele-speclflc 
probes were cleaved between reporter 
and quencher only when hybridized to a 
perfectly complementary target. This al- 
lowed them to distinguish die normal 
human cystic fibrosis allele from the 
AFS08 mutant. Their probes had TAMRA 
attached to the seventh nucleotide from 
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mM Mg 

figure 3 Kffcct of Mg* ' concentration on RQ ratio for the M scries of probes. The fluurescuiict; 
emissiun intensity al M B and 582 nm was measured for solutions containing SO iim probe. JO rr>M 
Trivia (pH 8.3), 50 him KC2, and varying amounts (0 10 mM) of MsCI*. The calculated RQ 
ratios (51 a nm intensity divided by 5HZ rrni intensity) arc plotted vs, MrC1 2 concentration (wm 
Mg). The key (upper H$hl) shows the pTobcs examined. 



dyes used, spacing between reporter and 
quencher dye*, nudeoildc sequence 
context effects, presence, ot structure or 
other factors that reduce flexibility of 
the oligonucleotide, and purity of the, 
probe. The second factor is tnc efficiency 
of hybridization, which depends on 
probe r m , presence of secondary struc- 
ture In probe or template, annealing 
temperature, and other reaction condi- 
tions. The third ractor is the. efficiency at 
which Taq UNA polymerase cleaves the 
bound probe between the reporter and 
quencher dyes. This cleavage is depen- 
dent on sequence complementarity be- 
tween probe and template, as shown by 
the observation that mismatches in the 
segment between reporter and quencher 
dyes drastically reduce the cleavage of 
prohe. <l> 

The rise in RQ values for the Al set- 
lies of probes seems to Indicate that the 
degree of quenching Is reduced some* 
what as the quencher is placed toward 
the 3' end. The lowest apparent quench- 
ing is observed for probe AM 9 (see Hg. 
3) rather than for the probe where the 
TAMRA is at the 3' end (AL2©). This is 
understandable, as the conformation of 
the S' end position would be expected lo 
be less restricted than the conformation 
of an internal position. In effect, a 
quencher at the 3' end is freer to adopt 
conformations close lo the 5' reporter 
dye than. Is an internally placed 
quencher; For the other three sets of 



probes, the interpretation of RQ' values 
is less clear-cut. The A3 probes show the 
same trend as Al, with the 3' TAMRA 
probe, having a larger RQ"" fh«n the: in- 
ternal TAMRA probe. For thu 92 pair, 
both probes have about the same RQ 
value. For the M probes, the RQ' for the 
3' probe is less than fui Hie mlctnftlly 
labeled probe, Another factor that may 
explain some of the observed variation ts 
that purity affects the RQ~ value. Al- 
though all probes are HPLC purified, a 
small amount of contamination with 
unquenched reporter can have a large ef- 
fect on RQ . 

Although there may be a modest ef- 
fect on degree of quenching, the posi- 
tion of the quencher apparently can 
have a large effect on the efficiency of 
probe cleavage. The most drastic effect is 
observed with probe Al-2, where place- 
ment of the TAMRA on the second nu- 
cleotide reduces the efficiency of cleav- 
age to almost zero. l ; or the A3, ?2, and P5 
probes, ARQ Is much greater for the 3' 
TAMRA probes as compared with the in- 
ternal TAMRA probes. This Is explained 
most easily by assuming that probes 
with TAMRA at the 3' end are more likely 
to be cleaved between reporter and 
quencher than are probes whh TAMRA 
attached Internally, for the Al probes, 
the cleavage efficiency of probe Al-7 
must already be quite high, as ARQ does 
not Increase when the quencher is 
placed closer to the 3' end. This Ulus- 
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tratos the Importance of boliifi able In 
use probes with a quencher on the 3' 
end in the V nuclease I'CK assay, in this 
assay, an increase !n the intensity of re 
porter fluorescence Is observed only 
when the probe Is cleaved between the 
reporter and quencher dyes. I*y placing 
the reporter and quencher dye* on the 
opposite ends of an oligonucleotide 
probe, any tieauugt* that occurs will Un- 
detected. When the quanchar is attached 
to uii huc'iual nucleotide, frumothlKis the 
probe work* well (Al-7) and other times 
not so well (A3-*). The relatively poor 
performance of prol>c presumably 
means the probe is belnn cleaved 3' to 
the. quencher rather than hetwecn the 
reporter and quencher. Thare.tore, the 
best chance of having a probe that reli- 
ably detects accumulation of J*CR prod- 
uct in the 5' nuclease W!R assay is to use 
a probe with the reporter and quencher 
dyes on opposite ends. 

Placing the quencher dye on the 3' 
end may also provide a slight benefit in 
terms ol hybridization efficiency. 'Ihe 
presence of a quencher attached to an 
interna! nucleotide mi^hl be expecicd to 
disiupt base-pairing and reduce the T.^ 
of a probe. In fact a 2*C-3 9 C reduction 
in T m has been Observed for two probes 
with Internally attached TAMRA*. C9) This 
disruptive effect would DC minimised by 
placing the quencher at the 3* end. Thus, 
probes with 3' quenchers might exhibit 
slightly higher hybridization efficiencies 
than probes with internal quenchers. 

The combination of Increased cleav- 
age and hybridization efficiencies means 
that probes with 3' quenchers probably 
will be more tolerant of mismatches be- 
rween probe and Target as compared 
with internally labeled probes. This tol- 
erancc of mismatches can be advanta- 
geous, as when trying to use a single 
probe to detect PCR-amphhed products 
from samples of different species. Also, it 
means that cleavage of probe during PCR 
Is less sensitive to alterations In an- 
nealing temperature or other reaction 
conditions. The one application where 
tolerance of mismatches may be a disad- 
vantage is for allelic discrimination. Lee 
et al,*" demonstrated that allclc-speclhc 
probes were Cleaved between reporter 
and quencher only when hybridized lo a 
perfectly complementary target. This al* 
lowed thera to distinguish the normal 
human cystic fibrosis allele from the 
mutant. Their probes had TAMRA 
attached to the seventh nucleotide from 
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t\w .V end and were dedgned so thai any 
mismatches were between the reporter 
And quencher, Increasing the distance 
betwaan reporter and nuc.ncher would 
lessen I he disruptive effect of mis- 
matches and allow cleavage of the probe 
on the incorrect target. Thus, probes 
with n quencher attached to an internal 
nucleotide may still be ucoful for allelic 
discrimination. 

hi this study loss of quenching upon 
hybridization was used to show that 
quenching by a 3' TAMJtt U dependent 
on the flexibility uf a single-xtranded oli- 
gonucleotide, The increase hi reporter 
fluorescence intensity, though, could 
also be used to determine whether hy- 
bridization has occurred or nor. Thus, 
oligonuclcoUdcs With reporter and 
quencher: dyes attached at opposite ends 
should also be useful as hybridization 
probes. The ability to detect hybridiza- 
tion In real time means that these probes 
could be used to measure hybridization 
Kinetics. Also, this type of probe could be 
used to develop homogeneous hybrid- 
isation nssayj for diagnostic! or other ap- 
plications. Bagwell Ct al, <10) describe just 
(his type of homogeneous assay where 
hybridization of a probe causes on in- 
crease In fluorescence caused by a loss of 
quenching. However, they utilized a 
complex probe design that requires add- 
ing nucleotides to both ends of the 
probe sequence to form two Imperfect 
hairpins. *lhe results presented here 
demonstrate that the simple addition of 
a reporter dye to one end of an oligonu* 
clcotlde and a uuencher dye to the oLUui 
end generates a fluorogcnlc probe that 
can detect hybridization or PCK amplifi- 
cation. 
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We have developed a novel "real time" quantitative PCR method. The method measures PCR prrtnn 
ISltadmt a duaManeW nuoroftnle probe (U„ TaqKm Prota). This method provides very 
*c« raw ancl reprodudble quantitation of gene copies. Unlike other quantitative PCR methods, rca -i me PCR 
loe nor Squire post-PCR sample handling, preventing potential PCR product carry-over contamhiation and 
Lirinsr ta much faster and higher throughput assays. The real-time PCR method tea 
range of starting tamer molecule determination (at h»»t five orders of magnitude* Real-time Quantitative 
PCR is extremely accurate and less labor-intensive than current quantitative PCR methods. 



Quantitative nucleic acid sequence analysis Mas 
had an important role in many fields of biologi- 
cal research. Measurement of gcue. expression 
(RNA) has b««n used extensively In monitoring 
biological responses to various stimuli (Tan et al, 
1994; Huang el at. I995a,b; Prud'homme et al. 
1995). Quantitative gene analysis (ON A) has 
Ix-cn used to determine the genome quantity of a 
particular gene, as in the case of the human HER2 
gene, which Is amplified in -30% of breast hi- 
mors (Slamon et al. 1987). Gene and genome 
quantitation A and RNA) also have been used 
for analysis of human immunodeficiency virus 
(IllV) buTdun demonstrating changes in the lev- 
els of virus throughout the different phases of the 
disease (Connor et ah 1993; Platak el al. jvv:sb; 

Purtado et ai. 1995)- 

Many methods have been described for the 
quantitative analysis of nucleic acid sequences 
(both for RNA and DNA; Southern 19/5; Sharp et 
al. 1980; Thomas 19H0). Recently, PCR has 
proven to be a powerful tool fOT quantitative 
nucleic acid analysis. PCJR and reverse transcrip- 
tase (K-0-PCR have permitted the analysis of 
minimal starting quantities of nucleic acid (as 
little as one cell equivalent). This has mode ]>os- 
siblc many experiments that could not hove, been 
performed with traditional methods. Although 
PCR has provided a powerful tool, it is imperative 



thai it be toed properly for quantitation (tt»«y- 
mackm 1995), Many early reports of quantiia- 
tivc: PCR and RT-PGR described quantitation of 
the PCR product but did not measure the initial 
target sequence quantity. It is essential to design 
proi>cr controls for the quantitation of the initial 
target sequences (Perrc 1992; Clement I et al. 
100?) 

KcNftftrchcxs have developed several methods 
of quantitative PCR and RT-PCR, One approach 
measures PCR product quantity in the log phase 
of the read ion before the plateau (Kellogg et al. 
1990; Pang ct a). 1990). This method requires 
lhai each sample has equal input amounts of 
nucleic add and that each sample under analysis 
amplifies with ideiil leal efficiency up to the. point 
of quantitative analysis. A gene sequence (eon- 
tallied in nil samples at relatively constant quan- 
tii'i**, such as p-aclln) can be us«d for sample 
amplification efficiency normalization, Usin« 
conventional methods of PCR detection and 
quantitation (gel electrophoresis or plate capture 
hybridization), it is exirfemcly laborious to assure 
that all samples are analyzed during the log phase 
of the reaction (for both the target gene and the 
normalization gene). Another method, quantlta* 
tivc competitive (QC)"RCR, has l>cen developed 
and is used widely for PCR quantitation. QC-PCR 
relics on the inclusion of an internal control 
competitor in each reaction (Bockcr-Andre 1991; 
Platak el al, I99ll*,l>). The crticicmcy of each rtv 
action is normalised to the internal competitor. 
a knnwn amount of Interna] competitor can be 



ancrv 



rne« no/ wj «c:*t 7nn7/cn/7T 





From :. Brt- 



PHONE No. : 310 472 0905 



Dec. 05 2002 12:21AM P12 



V 



t 

\ 

v .• 
i* 

r 

i 



UHAL 1IML 0UAM1IU1IVI \KM 



t" 



•))• 

I- 



.» 
I 

\ 

i 

i, 

i 

* 

« 



added in each sample. To obtain relative rpiaru- 
ration, 1hc unknown target PGR product is awn* 
pared with the known competitor If IK product. 
Success of a quantitative competitive I'CU assay 
reli«s on developing an Internal control that am- 
l»liru-rs Willi the same efficiency as the Uugul inol- 
ecule. The design °* the conipetltoi »tiU the vali- 
dation of amplification efficiencies jequire a 
dedicated effort. However, because QCM«CIK does 
not require that PC*R ptoUucls be analysed during 
the log phase of Ibts amplification; it is the easier 
of (he two methods to use. 

Sever;! I detection .system* wie used for quan 
tltative I'CR and RT~!*c:tt analysis; (1) agarose 
geis, (2) fluorescent labeling of VOW products and 
detection with I «uuTr- induced fluorescence using 
capillary elcctrophoTcsia (haseo ct aJ. 1995? Wil- 
liams ei ah 1996) or acrylamtde gels, and (3) {dale, 
capture, and sandwich probe hybrlUl/4Hi**n (Mul- 
der el aL 1994). Although these nicthod.N jm»vnl 
successful, each method requires posl-l*CR ma- 
nipulations that add timt! to the analysis and 
may lead to hibu'aUny loitlairtSiiation. The 
sample throughput of these methods i> limited 
(w||)) I he exception of the plate capture ap- 
proach), and, therefore, those methods, are not 
well suited fin ujie* demanding high sample 
throughput (i.e., screening of large numbers of 

hlomwlevulc* ui ai udyxin^ SAmplea foi diagnu*- 
tJcs or clinical trials). 

Here wc report the development of a novel 
assay for quantitative DNA analysis. The assay is 
based on th* use of the & 'nuclease assay first 
described by Holland et al. (1993), The method 
uses the -V nuclease activity of T«</ polymerase to 
cleave a noncxtcndlblc hybridist ion prol>e dur- 
ing thr extension phase of I'CU- The approach 
usts dual -labeled fluorogcnic hybrid J/utt Jon 
probes (Lcc et al. 1993; nassler ct al. 1993; Uvctk 
ct al. l$9fia,b). One fluorescent dye serves as a 
reporter |FAM (i.e., (Gearbox /fluorescein)! and iis 
emission spectra is quenched by the second fluo- 
rescent dye, TAMRA (i.e., o-carboxy-ietramethyl- 
rhodaminc). Tlic nuclease degradation of the hy- 
hridl/Jitton probe releases the quenching of Ihe 
I'AM fluorescent emission, resulting in an In- 
crease hi peak, fluorescent emission at SJg nm. 
The use of a sequence detector (AUI Prism) allows 
measurement of fluorescent s]KXiru of ail 96 wells 
of the thermal cycler continuously during the 
TCK amplification. Therefore, the reaction* aje 
monitored in real time. The output data is de- 
scribed and quantitative unalyab of input target 
DNA sequences is discussed below. 



RESULTS 



PCR Product Dercctlon in R«al Time 

"11k* goal wa* to develop a high-throughput, sen- 
sitive, and Accurate gene quant ilatlon assay for 
use In monitoring lipid mediated therapeutic 
gene delivery. A plasirild encoding human factor 
VU1 gene sequence, pI«*8TM (sec Methods), was 
used as a model therapeutic g«nc The assay use< 
fluorescent Taqinan methodology and an instru- 
ment capable of measuring fluorescence in real 
time (Abl Prism 7700 Sequence TVlcrior). The 
Taqman reaction requires a hybridization jirohr 
Ittixricd witli two different fluorescent dyes. One 
dye is a reporter dy« (I*'AM>, the other ix quench- 
ing dye (TAMRA). When the prol*: is intact, fluo- 
icsccnt energy transfer occurs and the reporter 
dye fluorescent emission is ubsorbed by the 
quenching dye (TAMRA) . During the extension 
phase of the PCK cycle, the .fluorescent hybrid- 
[/Jittou probe li cleaved by tlie S'-.T fiucleolytic 
activity of tlie DNA polymerase. On cleavage of 
the probe, the reporter dye emission Is no lunger 
transferred efficiently to the quenching dye, re 
SultinK hi an increase of the reporter dye fluores- 
cent emeedoii *p*Ctro. VOX primers und probe* 
were designed foi the liuinan factor VI 11 se- 
quence and human p-actln gene (as described in 
Methods). Optimization reactions were per- 
formed to choose the appropriate probe and 
magnesium concentrations yielding the highest 
Intensity of reporter fluorescent signal without 
sacrificing specificity. The Instrument uses a 
chargc'couplcd device (i.e., CCD camera) for 
measuring the fluorescent emission apcetni from 
fjCKl tf> fi$0 OJtu Kach VCM tulx: was monitored 
sequentially for 2A rnsce with etmtlnuous monl- 
tonog throughotlt tlie amplification. Uach lube 
wa.% re-exandncd every sec. Computer soft- 
ware, wax dc^si^ned to examine the fluorescent In- 
tensity of both the reporter dye (PAW) and 
the quenching dye (TAMRA). The lUinrcsccrtt 
intensity of the quenching dye, TAMUA, changes 
very little over the course of the PCR ampllfl* 
cation (data not shown). Therefore, the Intensity 
of TAMllA dye emission serves as an Internal 
standard with which to fiuriualllM! the reporter 
dye (FAM) cjnisslon variations, ll^e software cal- 
culates u value termed AKn (or ARO) usln^ the 
following equation: ARn - (lln 4 ) (Rn'), where 
Un 4 . emission intejisity of icporter/emission in- 
tensity of quencher at any given time In o-rcctc 
tion tube, and Rn r» emission intensiiily of re- 
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portcr/Cmlsslon Jmemily i>f quencher measured 
prior 10 |'CK iimplilication in ih.ir same reaction 
tube. J ; or the purpose of quantitation, the lau 
three data points (ARns) collected during the. ex- 
tetiflian step for each 1 J C:K cycle were analyzed. 
The micltfolytlc degradation of the. liyuruliMiiort. 
probe occurs during the extension phase or I'tat, 
and, therefore, reporter fluorescent cuii^nm in- 
creases during this time, Hit; thiw data points 
were averaged for cacJi KJK cycle and the iiiemi 
value for each was plotted in an "amplification 
ploi" shown In 1'lgurc 1 A. TIic M<n mean value is 
plotted on the j^axis, and time, represented by 
cycle number, is plotted on thex-axis. During the 
early cycles of the FOR amplification, the ARn 



value remains at base HrtO When sufficient hy- 
brid i /-a 11 on probe hu$ been cleaved by the Ttu) 
]x>lymerasc nudcAfic activity, thu intensity of re- 
porter fluorescent emission increase*. Most \Kl\\ 
auiplifiudjons reach u plateau pho«o of reporter 
fJuoroev.iil emission if the rcttution Is carried out 
10 high cycle number. The amplification plot h 
examined luriy in th« reaction, ut a point thai 
icjjicscnts i he log phase of product acnnnula* 
Hon. This is done, by uttignlng an arbiUaiy 
threshold tiut is bused on the variability of the 
base-line d«u. fn Vigor* 1 A, lite Ihftthold whs set 
jii 10 standard deviation* above, the mean of 
base line emission calculated from tydua 1 lo 1 5. 
Once the threshold Is chosen, the point at which 
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Figure 1 PCR product detection in real time. <*) The Model 7700 *jUware will consJrvict amplification iploti 
from the extension phase fluorescent emission data collected during the PCR amp Iflcation. The standard de- 
viation is determined from the data points collected from the base line of the amplification plot, c, , values are 
calculated by determining the point at which the fluorescence exceeds a threshold limit (usually 10 times me 
£^<£to£ of thc 9 base W (S) Overlay of amplication plots of serially (1 :2) >""£TC 
DNA samples amplified with 0-actin primers. (Q Input DNA concentration of ^jamPles PW^^^' 
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the amplification plot cro&seo the threshold is cle 
fined as G,. C r is reported as the cycle number ;« 
this point. A* will be demonstrate the C f .value 
Is pieUlaJve of the quantity of input target. 

Cj Values Provide a Quantitative Heanuremcnr* of 
Input Targer Sequences 

Figure IB shows amplification plot* of li» >diTfev- 

cut PGR amplifications overlaid. The amplifica- 
tions were performed on a 1 :2 serial dilution >ur 
human genomic DNA. 'ITic amplified target w:u 
human p actin. The amplification plots xhifl to 
the right (to higher threshold cycles) n* the input 
target quantity is reduced, 'Jim is expected ha- 
rcnuui nmeHortK with fewer starting copies of the 
target molecule require greater amplification to 
degrade enough probe to attain the threshold 
fluorescence. An arbitrary threshold of JO stan- 
dard deviations above the base line was used to 
determine the C r values. Figure 1C represents the 
C r valuer plotted versus the sample dilution 
value, Each dilution was amplified in triplicate 
PCR amplifications and plotted as mean values 
with error bars representing one standard devia- 
rion. 'Hie C r values decrease linearly with Increas- 
ing target quantity, Thus, C r values can be used 
as a quantitative measurement of the input target 
number. It should be noted that the amplifica- 
tion plot for the ]5<6»ng sample shown In lUgurc 
IB does not reilect the same fluorescent rate of 
increase exhibited by most of the other samples. 
'Hie 15.6-ng sample also achieves Midpoint pla- 
teau at a lower fluorescent value than would he 
expected based on the input DNA. This phenom- 
enon has been observed, occasionally with other 
samples (data not shown), and may be attribut- 
able to late cycle inhibition; this hypothesis is 
still under investigation. It is important to note 
that the flattened slope and early plateau do not 
impact significantly the calculated O, value us 
demonstrated by the fli on Die line shown in 
Figure 1C All triplicate amplifications resulted in 
very similar Cr values— the standard deviation 
did not exceed O.sS for any dilution. This experi- 
ment contains a > 100,000-fold range of Input tar- 
get molecules. Using C v vahics for quantitation 
permits a much larger assay range than directly 
using total fluorescent emission intensity for 
quantitation. The linear range. ol iluorcscenl in- 
tensity measurement of the. AIM Prhm 7700 $c- 
* - « . ... 
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merits over n very large r;m$M« nf relative starting 
target quantities. 

Sample Preparation Validation 

Several parameters influence the efllclenry nf 
PC'.R amplification: magnesium and sail concen- 
nations, reaction conditions (i.e., time and tem- 
perature), PCH target size and composition, 
primer sequences, and sample purity . AH of the 
above factors are common to a single PCU assay, 
except sample to sample purity, in an effort to 
validate the method of sample preparation for 
theiactor Vlll assay, PCR amplification reproduc- 
ibility and . efficiency ol 10 replicate sample 
prej mirations were examined. After genomic DNA 
was prepared from the 10 replicate samples, the 
DNA was quart tltaicd by ultraviolet spectroscopy, 
Amplifications were performed analyzing p-aciln 
gene, content in 100 and 25 ng of total genomic 
DNA. Each PCR amplification was performed in 
■ triplicate. Comparison of C r values for each trip, 
licate sample show minima J variation based on 
standard deviation and coefficient of variance 
(Tabic 1). Therefore, each ol the triplicate PCU 
amplifications was highly reproducible, demon- 
strating that real time PCR using this instrumen- 
tation introduces minimal variation Into the 
quantitative. PCR analysis. Comparison of the 
mean O, values of the 10 replicate sample prepa- 
rations also showed minimal variability, indicat- 
ing that each sample preparation yielded similar 
results for ft-aclin gene quantity, The highest Oy 
difference between any of rlie samples was 0.85 
and 0.73 for the 100 and 25 ng samples, re.spe.c : 
lively. Additionally, the amplification of cadi 
sample exhibited an equivalent rale of fluoro 
cent emission intensity change per amount of 
DNA target analysed as indicated by similar 
slopes derived from Ihc sample dilutions (Fig. 2). 
Any sample containing an excess of a PCX inhibi- 
tor would exhibit a greater measured (3-actin. C r 
value for a given quantity of DNA. In addition, 
the inhibitor would be diluted along with I hi! 
sample in the dilution analysis (H#, Z), altering 
the expected C r value change. Each sample am- 
plification yielded a similar result in the analysis, 
dcmonsiraiing that this method of sample prepa- 
ration is highly reproducible with regard to 
sample purity. 

Quantitative Analysis of a Plasmld After 

HQ/ «fr« WJ « C 1 h T 7 (\(\7 / Q V\ / 7 1 
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Tnblo 1 . Reproducibility of Sample Preparation Method 



Samplo 
no. 



100 ng 



standard 
m£an deviation 



CV 



1 18.24 
18.23 

10.33 lv.27 0.06 

2 18.33 
18.35 

1fM4 0.06 

3 1B.3 
18.3 

18.42 18.34 0.07 

4 18.15 
18.23 

18.32 18.23 COS 

5 18.4. 
18.38 
18.46 

6 18.54 
18.67 
19 

7 18.28 
18.36 
18.52 

8 18.45 
18,7 
18.73 

9 18.18 
18.34 
18.36 

10 18.42 
18,57 

18.66 18.55 0.12 
Mean (1 10) 18.12 0.17 



1UM2 0.04 



18.74 0.24 



18.39 0.12 



18.63 0.16 



18.29 0.1 



0,32 
0,37 
0.36 

0.46 
0.23 
1.26 
0.66 
0,83 

0.65 
0,90 



20.48 

20.55 

20,5 

20.61 

20.59 

70.41 

20.54 

20.6 

20,49 

20.48 

20.44 

20.38 

20.68 

20.87 

20,63 

21,09 

21.04 

21.04 

20,67 

20,73 

20.65 

20.98 
20.84 
20.75 
20.46 
20.54 
20.48 
20.79 
20.78 
20.62 



25 ng 



mean 



20.51 
?0JH 



20.43 



20.73 



21.06 



20.73 
20,66 



standard 
deviation 



0.03 
0.11 



cv 



20.54 0.06 



0.05 
0.13 
0.03 



20.6R 0.04 



20.86 0,12 



20.51 0.07 



0.1 

0.19 



0.17 

0.54 

0,28 

0.26 

0.61 

0.15 

0.2 

0.57 

0.32 

« 

0.16 
0,94 



tor containing a partial cUNA for human factor 
ViH,'nVoTM. A scries of transections waft sot 
up using a decreasing amount of itac plasinid1(40, 
4, 0.5, and 0.1 y,g). Tweniy-four hours pnst- 
tranafectinn, total DNA w<js purified from each 
flask uf crib, p -Act in gene tjuautily mi* chuscj i as 
a value for normaN^liuii of Kvuumic ONA con- 
centration from each sample. In this cxueiimciit, 
ti-actin gene content should remain constant 
relative to roral genomic UNA. Figure 3 shows Ujc 
result of the p-actln DNA measurement (100 jig 
total DNA determined by ultraviolet spectros- 
copy) Ot each sample. Kach sample was analyzed 
in triplicate and the mean |s-acUn Cf values of 
the triplicates were plotted (error bars represent 
r,*r> c^<9»i«i«m M«»i3i»fini 1 h#» htntwsr nifforrncr 

C* 7 A fvtl 



between any sample moans was 0A*S C,^ Ten 
nanograms af total UNA of each sample were also 
examined for iVactln. llic results a^um showed 
that very similar amounts of genomic 1)NA were 
present; the. maximum mean p actio <":, value 
difference wa.s 1 .0. A3 Figure 3 shows, the rate of 
(Vaetin C r change between the 100 and 10-ng 
sample* was simitar (slope values r;mg« hwtwoen 
3.56 and -3.45), This verifies again that the 
method of sample preparation yields samples of 
identical PCR integrity (J,e-, no sample contained 
an excessive amount of a PCR inhibitor). How- 
ever, these results indicate that each sample con 
talned slight differences in the actual amount of 
genomic 1>NA analyzed. Determination of actual 
uenoiiiic UNA concentration was accomplished 
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Figure 2 Somple preparation purity. 1 he replicate 
sample* shown In Table 1 woro also amplified In 
tripicate Rising 25 ng of each DNA sample. The fig> 
uifc shows the input DNA concentration (100 and 
25 ncj) vs. C, In ih*« llijurp, ihf» 100 and ng 
points for each sample are connected by a line. 



by plotting the mean fJ-actio O, value obtained 
for each 100- ng sample %m a p-aclln standard 
curve (shown in Wh- «cUml genomic 

DNA concentration of each suiupU:, was ob 
tatned by extrapolation to lliu xaxis, 

Pifture 4A shows the measured (I.e., mm- 
normalised) quantities of /actor VI) J plnamid 
DNA (pIWM) from each of the four transient cell 
transact ions. Each reaction contained J 00 rtg of 
total sample? DNA (as determined by UV spectros- 
copy). VacU sample was analyzed in triplicate 
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Figure 3 Analysis of Wansfectcd ceJl DNA quantity 
and purity. I he DNA preparations of the four 293 
ceil transections (40, A, 0.5 , and 0.1 ng of pF8TM) 
were analyzed for the 0-actln gene. 100 and 10 ng 
(determined by ultraviolet spectroscopy) of each 
sample were amplified in triplicate. For each 
amount of pF8TM that was transfected, the p-actln 
C 7 values are plotted versus the tola! Input DNA 



VC :f< amplification*. As shown, pI'STM purified 
ifioic Jhe 20H cells decreases (moan C, values m- 
ervuvttfj with decreasing amounts of plasmid 
arujistrctcd- Th« mean C*^ values obtained for 
pF&TM •inTlgurc 4A were plotted cm a standard, 
curve comprised uf seilally diluted pKHTM, 
shown .in Figure 4B. The quantity uJ pI'KTM, b, 
found in each of the four transections was dc 
tcrmined by extrapolation to the or axis of the 
standard curve. In I'igurc 4N, 'lluae uncorrected 
values, b, for pMtt*M were normallxud to deter- 
mine the actual amount of pl'81M found per 100 
hk of genomic DNA by using the equation:. 



b x 100 ufl 



actual pFRTM copies per 
T 100 ng of genomic DNA 



where a actual genomic DNA in u .sariiplc and 
U pFHTM copies from the standard curve. The 
normalised quantity of pl'BTM per 100 ng of ge- 
nomic ONA for each of the four 1 ramifcctlon.s Is 
xnown In Figure 4JJ. 'Hi arc rtaull* show inai ihc 
quantity of factor Vlll plasmid associated wiih 
the 290 cells, 24 lir aflcr iraitsTuc4i<Jii. di:t.i i:.isu?» 
with dccrcuslUH pltisniid uiui.«uLiatJou used In 
the traiis/ct^ion. Ttic quantity of pl-tti'M nssoeJ- 
iitcd with 293 celb, after iransfccUon with 40 
of plaiifiinid, was 35 pgp<?r 100 ng genomic UNA. 
Tills results in -520 plasmid copies per cell. 



DISCUSSION 

Wo have described a new method for quantilni- 
iuft gene copy numbers using reaMlme analysis 
of KCR ampllficatlnnx. ReaMlmc PCK is compai- 
Ible with cither of the two PCK (KT-PCR) ap- 
proaches: (1) quantitative competitive where an 
inleiJiiil conipcliior for each target sequence is 
used for norroaliittUon (data not shown) or (2) 
quantitative comparative PCK using & mjuualiza- 
tion gene contained within the sample (i.e., p-ac- 
tin) or a "housekeeping" gene for RT-PCK. Ff 
equal amounts of nucleic ucld are atialy/cd h^r 
each sample and if the amplification effitiency 
before quantitative analysis is idemical for each 
sample, the Vnrernal cunt nil (nurmali^tiou K L 'i 5C 
or competitnr) should give equal signals for all 
samples. 

The real-time PCtt method offers seveml ad- 
vantages over tlic other tw<3 methods currently 
employed (see the Introduction). First, the. real- 
time I'CR method is performed in a doscd-tubu 
system and requires no post -PCK, manipulation 
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Fl D nr« 4 Quantitative analysi* of pFSTM in transited cclb. (M) Amount of 
plasmid DNA used for lh« trunjfeciion plotted against Utu hhjuii C, vutue deter- 
m ro^ f ° r pr8TM rcmaIn '"U >A Hr alter transection. (a,Q Standard curvns of 
pF-RlM ^nd P-actln, respectively. pfaTM DNA (0) and genomic. DNA (Q were 
diluted AArfally 1:5 before Amplification with the appropriate primers. The f*-actin 
standard curve wa* usod to normalise the results of A to 100 ncj of genomic DNA. 
(0) Tho amount of pFSTM present per 100 ng of genomic DNA. 



of wmplv. Therefore, llic* potential for PCJR con- 
tamination in the laboratory is reduced because 
amplified product* cam h« analysed and disposed 
of without opening the reaction tubes. Second, 
this method suppoxU the use of a tiortir«i1ix.<itk>n 
gene (Lc., P-flctin) for quantitative. PGR or house- 
keeping genes for cju«n Motive RT-l'Ck controls. 
Analysis Is performed i 7J real time during the Jog 
phase of product accumulation. Analysis during 
log phase permits many different genes (over a 
wide input target range) to be analy/cd simulta- 
neously, without concern of reaching reaction 
plateau at different cycle*. This will make uiulll- 
gene analysis assays much ca.Mei Iv develop, be- 
cause individual internal eumpetllois will mil be 
needed for each gene under anolyafs. Third, 
sample throughput will uitiearvc dianialicaJty 
with the new method because, there is no |H>st- 
rCR processing time. Additionally, winking In a 
96-well format is highly compatible with auto, 
nialion technology. 

The real-time PCR method in highly repro- 
ducible. Replicate amplifications can be analyzed 



for «ach sample ininimhdng j>otcntt«l error. The. 
sy slit in allows for a very large assay dynamic 
runge (approaching 1,000,000-fold starting tai- 
gel). Uahig a standard curve for the. target oJ in- 
terest, relative copy number values can be deter- 
mined for any uuknuwjj *unjuic. Fluorescent 
threshold values, C, v coneJate linearly with rela- 
tive DNA copy numbers. Keal time quantitative 
K'M'CK methodology (Gibson et ah, tills Ijcsua) 
has also been developed, finally, real time qwan- 
tifativc l*CU methodology can be used lu develop 
high-throughput screening assays for n variety of 
applications (quantitative gene cafneasion (KT- 
rCR), ftcne copy assays (Mcr2, II1V, etc.), gcm> 
typing (knockout mouse analysis), and Jmmuiiu- 
PCUJ. • ' 

Real-time POU may al.to Ik: j>erformcd using 
intercalating dyes (Higuchi et al- such «5 

etJiJdium bromide. The fluorogenic probe 
method offers a mafor advantage over inter- 
relating dyes— greater specificity (i.e./ primer 
dlmers and nonspecific POR products are not de.- 
tfvted). 
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METHODS 

Generation of <t Wasmid Containing a Partial 
cDNA Tor Human Factor VIII 

Total RNA rt«* harvested (UNAwl IMroiM Tel Tc« r inc., 
rnendawood, TX) from cvJ1> iiAiMfeclMl ~tlh a (actor VI 11 
expression vetMor, pCJS2.Be?.SU (Koion el III." WHO; Cor. 
mon c.t al. 1900). A factor VIII partial cl >N A wpjcocv WnS 
^cMicmtcd by in* ItlcueAntp \V. CTlh RNA l»T.U Kit 
(pan NoOH-myy, rt Applied hiosy&tcms, ftwivi <:»ty, t*A)j 

uslnf, I Ik* Peru |>iiiJi«f» Wfor »md Wtrev (prime* secrueurcs 
are shown below), The ampHcon was feanmliuVtl ddng 
modified mot and Wrcv primers tapixmded wlih Aawlll 
and fmfdlll restriction sire sequencer »t the V wulj and 
clonal Into jXiKM- 3Z (lVorfic-j-u c;orp„ Muduton, Wl). The 
resulting clone, pVSTM, was used lor transient transfealon 
of 293 cell*. 



Amplification of Target DNA ami Dulccilpn of 
Amplicpn Factor VIII Plasmid DNA 

(pr'8*l"M) was amplified with die |«iioeis Mtfor 5'-<X;<:- 

crm<;<;AACiAu:itjAixMCn\V3' and wrcv 5'.AAA<;<rr- 

t^OCXrrOCiA'J'CitrrAOC-.'i'.llic naivlhui produced « 422- 
up product. The forwiird primer was designed to kv 
ogut/.c « unique Mipicnic fimud In the 5 1 untranslated 
recoil of the* paitnil pC15Z,b\Z5i> plasmid ffnil llu:rcfo/e 
does not ivaiH''^« «"'^ amplify ihv human fciemr V)!1 
gene, Primoffi woro chason witli the avsi*1*«cr* of I In? com- 
pulcr program OHgo 4.0 (Nutiimul hiascicnecs, Iik%, lly- 
mouth, MN). The human p-actln g*mc whs amplified with 
the priiuco 0-mlin forward primer .TCACGCACACIYrr 
GCCCATWACXlA-V and p-actin reverse p#imcr -V-CACI. 
CGGAACC<:crrCArK»<:c.AAJGG-3*- The reaction pro- 
civiceo a 295* hp rCk product. 

Amplification reactions (SU fJ) comamed a DNA 
sample. Klx IK IK Uuffw II (S ^1), 200 jiM dATI', dCTl\ 
dGTr, and 400 |tM rfl)TI», 4 imu MgCI 7l l.« UdIis Ampll 
7Vn; DNA poiymciasc, U,5 unit A/upwnsc uracil tf-Rly- 
t.iwylu>H- <UN0) # 50 prrtolc of each focioi VIII jirlmvi, tind 15 
j:hih>I*» <»C iwdt |4 acttn ptliiifrr. 71io icactluiw i:unUlucd 
0<1C Of the following dt'lCftUin pmlkos (100 nu rprlt): 

i^prt.*iic * , (t^AW)Ac:crJvr^c:cu(:<:•^c:cm , <-•'H , '^<:TCJ , l , - 

GCCTT(TAMRA)p 3' <tud O'tt^iin proU- 5 r (FAM)ATC!WX;- 
X(TAMKA)CCCCCATCt:CATCp-3 l whrrc p indicates 
plmflphnrylAiinn /iftdX indlcotcs a linker arm niicleotidc. 
Reaction IuIk*9 wra- Mu:rt»Amp Optical l ubes (part num- 
ber NH01 0<m, l»crkJn lUnwr) tiwt wure fruttetl C^t IHTktfi 
FJmcr) to prevent from reflecting. Tube cap* were 

slmibr 10 MirruAtVip tinps hut specially designed to pre- 
vent li^ht svytlvrMig, All <■( 1 1 P<;u &niAutrUiiMf* wcry s\i>>- 
r liv:d l>y PK Applied lUofiy^tenm (|!n«lvr C!Hy, CX) except 
ihe factor VIU primers, which wen* synthesized al Cvnvn 
lech, Inc. (South f-tfii IVancisco, CA). Prolies wort* de%i^ned 
using the Oligo 4.0 software, followlnR gnldelttiOK ku^- 

^etued in mc Model 7700 .sequence Petcctor lusiiiuiicfil 
manual. It rlcfly, probe T m vliimld he al Jeast 5°C higher 
Ulan rhf arineuUux lempeialnre used durluj; Ihrrmul cy- 
rhng; primers Should not foim Mdhlv duplexed with the 
probe. 

The Ihernml «'ycl!ng Conditkuvs Included 2 iiiln at 
5U V C and 10 min at 95*C, llicjinal cycling procrrtJed with 



RIAL 1IMLQUANII1AIIVI- \\M 

reactions wore performed in lh<« Modrl 7700 Sequence De- 
tector Apphed UlusjvU'utv), Mfldrh conUlin n Gene. 
Amp l»< :U Systum P«K). Ucatilton condition* w<-rf prn« 
gruiuiitcU »jn .i l'i»w«r MacintiMh /100 (Apple X"*tn*|Hdnr f 
Santa Clara, t^\) Itnkcd directly to the Mode! WOO 
qucticv lXd»ctor« Ana*y¥U of data w*« |wrf/*fm<«d nn 
the Mni-UIosH computer. C:ollrietl»n and analydc Roftware 
wt« develo|wt Jit l*K Applied niobiums. 



Traiwfection of Cells with Factor VIII Construct 

J-'uur T17.S Oaski of 293 ceils (ATCC CU1. a human 

fetal kidney guspenfcion cell line, were gnwii to 80 ( Mi con- 
Itucnvy and tranifccled pl ? B , l*M. Cells were grown in the 
following medlfti S0% H/NM'X HI 2 without OUT, 50% low 
glucose PuJIiccvi^ modified KaxJe mcdimu (l^MI ; .M) wltJj. 
otn glynjitu will) sodium bicarhtmate, JU% ietal txivinc 
serum, 2 ihm L«yluUinii)c and 1% penioiiin-strcptomy^ 
l|o, *l hc media waj cJianffcd 30 min Mo«» tl»e tronsfee 
lion. pI'UTM DKA amounts of 40, 4, OS, and 0.1 were 
added in ^.S ml of a solution containing 0.12* m Cm0 7 ; 
And 1 x \\VA*VS. ITie four rolxhimi were left at room tem- 
pcrvojn- few it) mln and then ikJcKhI rlmpwlst- t<> ti»e cells, 
Tlie n*«>k> hicuUitcd al 37°C*/and 5% Ci\ fur 24 hr, 
washed with IMU5, «»id riw*i»pcndcd in PllS. The reittw 
jn-nd^i cclU were divided into tdupjoh und UNA woa «/- 
tnicted Immediately usihK thvQIAamp Wink! Kit (Qiap;on. 
a3«t?m>rl|j, (,^>, DNA, won doled Into 200 pd ol 30 
TrU-lirJal pliH.0. 
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ABSTRACT Wnt family members are critical to many 
developmental processes, and components of the Wnt signal- 
ing pathway have been linked to tumorigenesis in familial and 
sporadic colon carcinomas. Here we report the identification 
of two genes, WISP-I and WISP-2, that are up-regulated in the 
mouse mammary epithelial cell line C57MG transformed by 
Wnt-1, but not by Wnt-4. Together with a third related gene, 
WISP-3, these proteins define a subfamily of the connective 
tissue growth factor family. Two distinct systems demon- 
strated WISP induction to be associated with the expression of 
Wnt-1. These included (i) C57MG cells infected with a Wnt-1 
retroviral vector or expressing Wnt-1 under the control of a 
tetracylihe repressive promoter, and («) Wnt-1 transgenic 
mice. The WISP-1 gene was localized to human chromosome 
8q24.1-8q24.3. WISP-1 genomic DNA was amplified in colon 
cancer cell lines and in human colon tumors and its RNA 
overexpressed (2* to > 30- fold) in 84% of the tumors examined 
compared with patient-matched normal mucosa. WISPS 
mapped to chromosome 6q22-6q23 and also was overex- 
pressed (4- to > 40-fold) in 63% of the colon tumors analyzed. 
In contrast, WISP-2 mapped to human chromosome 20ql2- 
20ql3 and its DNA was amplified, but RNA expression was 
reduced (2- to > 30-fold) in 79% of the tumors. These results 
suggest that the WISP genes may be downstream of Wnt-1 
signaling and that aberrant levels of WISP expression in colon 
cancer may play a role in colon tumorigenesis. 

Wnt-1 is a member of an expanding family of cysteine- rich, 
glycosylated signaling proteins that mediate diverse develop- 
mental processes such as the control of cell proliferation, 
adhesion, cell polarity, and the establishment of cell fates (1, 
2). Wnt-1 originally was identified as an oncogene activated by 
the insertion of mouse mammary tumor virus in virus-induced 
mammary adenocarcinomas (3, 4). Although Wnt-1 is not 
expressed in the normal mammary gland, expression of Wnt-1 
in transgenic mice causes mammary tumors (5). 

In mammalian cells, Wnt family members initiate signaling 
by binding to the seven-transmembrane spanning Frizzled 
receptors and recruiting the cytoplasmic. protein Dishevelled 
(Dsh) to the cell membrane (1, 2, 6). Dsh then inhibits the 
kinase activity of the normally constitutively active glycogen 
synthase kinase-3/3 (GSK-3/3) resulting in an increase in 
/3-catenin levels. Stabilized j3-catenin interacts with the tran- 
scription factor TCF/Lefl, forming a complex that appears in 
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the nucleus and binds TCF/Lefl target DNA elements to 
activate transcription (7, 8). Other experiments suggest that 
the adenomatous polyposis coli (APC) tumor suppressor gene 
also plays an important role in Wnt signaling by regulating 
£-catenin levels (9). APC is phosphorylated by GSK-3/3, binds 
to /3-catenin, and facilitates its degradation. Mutations in 
either APC or /3-catenin have been associated with colon 
carcinomas and melanomas, suggesting these mutations con- 
tribute to the development of these types of cancer, implicating 
the Wnt pathway in tumorigenesis (1). 

Although much has been learned about the Wnt signaling 
pathway over the past several years, only a few of the tran- 
scriptionally activated downstream components activated by 
Wnt have been characterized. Those that have been described 
cannot account for all of the diverse functions attributed to 
Wnt signaling. Among the candidate Wnt target genes are 
those encoding the nodal-related 3 gene, Xnr3 t a member of 
the transforming growth factor (TGF)-/3 superfamily, and the 
homeobox genes, engrailed, goosecoid, twin {Xtwri), and siamois 
(2). A recent report also identifies c-myc as a target gene of the 
Wnt signaling pathway (10). 

To identify additional downstream genes in the Wnt signal- 
ing pathway that are relevant to the transformed cell pheno- 
type, we used a PCR-based cDNA subtraction strategy, sup- 
pression subtractive hybridization (SSH) (11), using RNA 
isolated from C57MG mouse mammary epithelial cells and 
C57MG cells stably transformed by a Wnt-1 retrovirus. Over- 
expression of Wnt-1 in this cell line is sufficient to induce a 
partially transformed phenotype, characterized by elongated 
and refractile cells that lose contact inhibition and form a 
multilayered array (12, 13). We reasoned that genes differen- 
tially expressed between these two cell lines might contribute 
to the transformed phenotype. 

in this paper, we describe the cloning and characterization 
of two genes up-regulated in Wnt-1 transformed cells, WISP-1 
and WISP-2, and a third related gene, W1SP-3. The WISP genes 
are members of the CCN family, of growth factors, which 
includes connective tissue growth factor (CTGF), Cyr61, and 
nov, a family not previously linked to Wnt signaling. 

MATERIALS AND METHODS 

SSH. SSH was performed by using the PCR-Select cDNA 
Subtraction Kit (CLONTECH). Tester double-stranded 

Abbreviations: TGF, transforming growth factor, CTGF, connective 
tissue growth factor; SSH, suppression subtractive hybridization; 
VWC, von Willebrand factor type C module. 
Data deposition: The sequences reported in this paper have been 
deposited in the Genbank database (accession nos. AF100777, 
AF100778, AF100779, AF100780, and AF100781). 
tTo whom reprint requests should be addressed, e-mail: diane@gene. 
com. 
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cDNA was synthesized from 2 of poly(A)* RNA isolated 
from the C57MG/Wnt-1 cell line and driver cDNA from 2 jig 
of poly(A) + RNA from the parent C57MG cells. The sub- 
tracted cDNA library was subcloned into a pGEM-T vector for 
further analysis. 

cDNA Library Screening. Clones encoding full-length 
mouse WISP-1 were isolated by screening a AgtlO mouse 
embryo cDNA library (CLONTECH) with a 70-bp probe from 
the original partial clone 568 sequence corresponding to amino 
acids 128-169. Clones encoding full-length human WISP-1 
were isolated by screening AgtlO lung and fetal kidney cDNA 
libraries with the same probe at low stringency. Clones en- 
: coding full-length mouse and human WlSP-2 were isolated by 
screening a C57MG/Wnt-1 or human fetal lung cDNA library 
with a probe corresponding to nucleotides 1463-1512. Full- 
length cDNAs encoding WISPS were cloned from human 
bone marrow and fetal kidney libraries. 

Expression of Human WISP RNA. PCR amplification of 
first-strand cDNA was performed with human Multiple Tissue 
cDNA panels (CLONTECH) and 300 /aM of each dNTP at 
94°C for 1 sec, 62°C for 30 sec, 72°C for 1 min, for 22-32 cycles. 
WISP and glyceraIdehyde-3-phosphate dehydrogenase primer 
sequences are available on request. 

In Situ Hybridization. 33 P-labeIed sense and antisense ribb- 
probes were transcribed from an 897-bp PCR product corre- 
sponding to nucleotides 601-1440 of mouse WISP-1 or a 
294-bp PCR product corresponding to nucleotides 82-375 of 
mouse WlSP-2. All tissues were processed as described (40). 

Radiation Hybrid Mapping. Genomic DNA from each 
hybrid in the Stanford G3 and Genebridge4 Radiation Hybrid 
Panels (Research Genetics, Huntsville, AL) and human and 
hamster control DNAs were PCR-amplified, and the results 
were submitted to the Stanford or Massachusetts Institute of 
Technology web servers. 

Cell Lines, Tumors, and Mucosa Specimens. Tissue speci- 
mens were obtained from the Department of Pathology (Uni- 
versity of Pittsburgh) for patients undergoing colon resection 
and from the University of Leeds, United Kingdom. Genomic 
DNA was isolated (Qiagen) from the pooled blood of 10 
normal human donors, surgical specimens, and the following 
ATCC human cell lines: SW480, COLO 320DM, HT-29, 
WiDr, and SW403 (colon adenocarcinomas), SW620 (lymph 
node metastasis, colon adenocarcinoma), HCT 116 (colon 
carcinoma), SK-CO-1 (colon adenocarcinoma, ascites), and 
HM7 (a variant of ATCC colon adenocarcinoma cell line LS 
174T). DNA concentration was determined by using Hoechst 
dye 33258 intercalation f luorimetry. Total RNA was prepared 
by homogenization in 7 M GuSCN followed by centrifugation 
over CsCl cushions or prepared by using RNAzol. 

Gene Amplification and RNA Expression Analysis. Relative 
gene amplification and RNA expression of WISPs and c-myc in 
the cell lines, colorectal tumors, and normal mucosa were 
determined by quantitative PCR. Gene-specific primers and 
fluorogenic probes (sequences available on request) were 
designed and used to amplify and quantitate the genes. The 
relative gene copy number was derived by using the formula 
2<act) where ACt represents the difference in amplification 
cycles required to detect the WISP genes in peripheral blood 
lymphocyte DNA compared with colon tumor DNA or colon 
tumor RNA compared with normal mucosal RNA. The 
d-method was used for calculation of the SE of the gene copy 
number or RNA expression level. The W/SP-specific signal was 
normalized to that of the glyceraldehyde-3-phosphate dehy- 
drogenase housekeeping gene. All TaqMan assay reagents 
were obtained from Perkin-Elmer Applied Biosystems. 

RESULTS 

Isolation of WISP-1 and WlSP-2 by SSH. To identify Wnt- 
1-inducible genes, we used the technique of SSH using the 




Proc. Nad. Acad. Set. USA 95 (1998) 

mouse mammary epithelial cell line C57MG and C57MG cells 
that stably express Wnt-1 (11). Candidate differentially ex- 
pressed cDNAs (1,384 total) were sequenced. Thirty-nine 
percent of the sequences matched known genes or homo- 
logues, 32% matched expressed sequence tags, and 29% had 
no match. To confirm that the transcript was differentially 
expressed, semiquantitative reverse transcription-PCR and 
Northern analysis were performed by using mRNA from the 
C57MG and C57MG/WnM cells. 

Two of the cDNAs, WISP-1 and WISP-2, were differentially 
expressed, being induced in the C57MG/Wnt-1 cell line, but 
not in the parent C57MG cells or C57MG cells overexpressing 
Wnt-4 (Fig. 1 A and B). Wnt-4, unlike Wnt-1, does not induce 
the morphological transformation of C57MG cells and has no 
effect on 0-catenin levels (13, 14). Expression of WISP-1 was 
up-regulated approximately 3-fold in the C57MG/Wnt-1 cell 
line and WISP-2 by approximately 5-fold by both Northern 
analysis and reverse transcription-PCR. 

An independent, but similar, system was used to examine 
WISP expression after Wnt-1 induction. C57MG cells express- 
ing the Wnt-1 gene under the control of a tetracycline- 
repressible promoter produce low amounts of Wnt-1 in the 
repressed state but show a strong induction of Wnt-1 mRNA 
and protein within 24 hr after tetracycline removal (8). The 
levels of Wnt-1 and WISP RNA isolated from these cells at 
various times after tetracycline removal were assessed by 
quantitative PCR. Strong induction of Wnt-1 mRNA was seen 
as early as 10 hr after tetracycline removal. Induction of WISP 
mRNA (2- to 6-fold) was seen at 48 and 72 hr (data not shown). 
These data support our previous observations that show that 
WISP induction is correlated with Wnt-1 expression. Because 
the induction is slow, occurring after approximately 48 hr, the 
induction of WISPs may be an indirect response to Wnt-1 
signaling. 

cDNA clones of human WISP-1 were isolated and the 
sequence compared with mouse WISP-1. The cDNA sequences 
of mouse and human WISP-1 were 1,766 and 2,830 bp in length, 
respectively, and encode proteins of 367 aa, with predicted 
relative molecular masses of ~40,000 (M r 40 K). Both have 
hydrophobic N-terminal signal sequences, 38 conserved cys- 
teine residues, and four potential N-linked glycosylation sites 
and are 84% identical (Fig. 2A). 

Full-length cDNA clones of mouse and human WISP-2 were 
1,734 and 1,293 bp in length, respectively, and encode proteins 
of 251 and 250 aa, respectively, with predicted relative molec- 
ular masses of ^27,000 (M T 27 K) (Fig. IB). Mouse and human 
WISP-2 are 73% identical. Human WISP-2 has no potential 
N-linked glycosylation sites, and mouse WISP-2 has one at 

CS7MQ 
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Fig. I. WISP-1 and WISP-2 are induced by Wnt-I, but not Wnt-4, 
expression in C57MG cells. Northern analysis of WISP-1 (A) and 
WISP-2 (B) expression in C57MG, C57MG/Wnt-1, and C57MG/ 
Wnt-4 cells. Poly(A) + RNA (2 /xg) was subjected to Northern blot 
analysis and hybridized with a 70-bp mouse WOT- /-specific probe 
(amino acids 278-300) or a 190-bp H75/ > -2-specific probe (nucleotides 
1438-1627) in the 3' untranslated region. Blots were rehybridized with 
human 0-actin probe. 
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Fig. 2. Encoded amino acid sequence alignment of mouse and 
human WISP-1 (A) and mouse and human WISP-2 (B). The potential 
signal sequence, insulin-like growth factor-binding protein (IGF-BP), 
VWC, thrombospondin (TSP), and C-terminai (CT) domains are 
underlined. 

position 197. WISP-2 has 28 cysteine residues that are con- 
served among the 38 cysteines found in WISP-1. 

Identification of WISP-3, To search for related proteins, we 
screened expressed sequence tag (EST) databases with the 
WISP-1 protein sequence and identified several ESTs as 
potentially related sequences. We identified a homologous 
protein that we have called WISP-3. A full-length human 
WISP-3 cDNA of 1,371 bp was isolated corresponding to those 
ESTs that encode a 354 r aa protein with a predicted molecular 
mass of 39,293. WISP-3 has two potential N-linked glycosyl- 
ation sites and 36 cysteine residues. An alignment of the three 
human WISP proteins shows that WISP-1 and WISP-3 are the 
most similar (42% identity), whereas WISP-2 has 37% identity 
with WISP-1 and 32% identity with WISP-3 (Fig. 3A). 

WISPs Are Homologous to the CTGF Family of Proteins. 
Human WISP-1, WISP-2, and WISP-3 are novel sequences; 
however, mouse WISP-1 is the same as the recently identified 
Elml gene. Elml is expressed in low, but not high, metastatic 
mouse melanoma cells, and suppresses the in vivo growth and 
metastatic potential of K-1735 mouse melanoma cells (15). 
Human and mouse WISP-2 are homologous to the recently 
described rat gene, rCop-1 (16). Significant homology (36- 
44%) was seen to the CCN family of growth factors. This family 
includes three members, CTGF, Cyr61, and the protoonco- 
gene nov. CTGF is a chemotactic and mitogen ic factor for 
fibroblasts that is implicated in wound healing and fibrotic 
disorders and is induced by TGF-/3 (17). Cyr61 is an extracel- 
lular matrix signaling molecule that promotes cell adhesion, 
proliferation, migration, angiogenesis, and tumor growth (18, 
19). nov (nephroblastoma overexpressed) is an immediate 
early gene associated with quiescence and found altered in 
Wilms tumors (20). The proteins of the CCN family share 
functional, but not sequence, . similarity to Wnt-1. All are 
secreted, cysteine-rich heparin binding glycoproteins that as- 
sociate with the cell surface and extracellular matrix. 

WISP proteins exhibit the modular architecture of the CCN 
family, characterized by four conserved cysteine-rich domains 
(Fig. 3B) (21). The N-terminal domain, which includes the first 
12 cysteine residues, contains a consensus sequence (GCGC- 
CXXC) conserved in most insulin-like growth factor (IGF)- 
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Fig. 3. Encoded amino acid sequence alignment of human 
WISPs. The cysteine residues of WISP-1 and WISP-2 that are not 
present in WISP-3 are indicated with a dot. (5) Schematic represen- 
tation of the WISP proteins showing the domain structure and cysteine 
residues (vertical lines). The four cysteine residues in the VWC domain 
that are absent in WISP-3 are indicated with a dot. (C) Expression of 
WISP mRNA in human tissues. PCR was performed on human 
multiple-tissue cDNA panels (CLONTECH) from the indicated adult 
and fetal tissues. 

binding proteins (BP). This sequence is conserved in WISP-2 
and WISP-3, whereas WISP-1 has a glutamine in the third 
position instead of a glycine. CTGF recently has been shown 
to specifically bind IGF (22) and a truncated nov protein 
lacking the IGF-BP domain is oncogenic (23). The von Wil- 
lebrand factor type C module (VWC), also found in certain 
collagens and mucins, covers the next 10 cysteine residues, and 
is thought to participate in protein complex formation and 
oligomerization (24). The VWC domain of WISP-3 differs 
from all CCN family members described previously, in that it 
contains only six of the 10 cysteine residues (Fig. 3 A and B). 
A short variable region follows the VWC domain. The third 
module, the thrombospondin (TSP) domain is involved in 
binding to sulfated glycoconjugates and contains six cysteine 
residues and a conserved WSxCSxxCG motif first identified in 
thrombospondin (25). The C-terminal (CT) module contain- 
ing the remaining 10 cysteines is thought to be involved in 
dimerization and receptor binding (26). The CT domain is 
present in all CCN family members described to date but is 
absent in WISP-2 (Fig. 3 A and B). The existence of a putative 
signal sequence and the absence of a transmembrane domain 
suggest that WISPs are secreted proteins, an observation 
supported by an analysis of their expression and secretion from 
mammalian cell and baculovirus cultures (data not shown). 

Expression of WISP mRNA in Human Tissues. Tissue- 
specific expression of human WISPs was characterized by PCR 



14720 Cell Biology, Medical Sciences: Pennica et al. 



Proc. Natl. Acad. ScL USA 95 (1998) 



analysis on adult and fetal multiple tissue cDNA panels. 
WISP-J expression was seen in the adult heart, kidney, lung, 
pancreas, placenta, ovary, small intestine, and spleen (Fig. 3C). 
Little or no expression was detected in the brain, liver, skeletal 
muscle, colon, peripheral blood leukocytes, prostate, testis, or 
thymus. WISP-2 had a more restricted tissue expression and 
was detected in adult skeletal muscle, colon, ovary, and fetal 
lung. Predominant expression of WISPS was seen in adult 
kidney and testis and fetal kidney. Lower levels of WISP-3 
expression were detected in placenta, ovary, prostate, and 
small intestine. 

In Situ Localization of WISP-1 and WISP-2. Expression of 
WISP- 1 and WISP-2 was assessed by in situ hybridization in 
mammary tumors from Wnt-1 transgenic mice. Strong expres- 
sion of WISP-1 was observed in stromal fibroblasts lying within 
the fibrovascular tumor stroma (Fig. 4 A-D). However, low- 
level WISP-1 expression also was observed focally within tumor 
cells (data not shown). No expression was observed in normal 
breast. Like WISP-1, WISP-2 expression also was seen in the 
tumor stroma in breast tumors from Wnt-1 transgenic animals 
(Fig. 4 E-H). However, WISP-2 expression in the stroma was 
in spindle-shaped cells adjacent to capillary vessels, whereas 



BJ 




,: > ■ V 1 - I* * 



Fig. 4. (A, C, £, and C) Representative hematoxylin/eosin-stained 
images from breast tumors in Wnt-1 transgenic mice. The correspond- 
ing dark-field images showing WISP-1 expression are shown in B and 
D. The tumor is a moderately well-differentiated adenocarcinoma 
showing evidence of adenoid cystic change. At low power {A and fl), 
expression of WISP-1 is seen in the delicate branching fibrovascular 
tumor stroma (arrowhead). At higher magnification, expression is seen 
in the stromal(s) fibroblasts (C and 0), and tumor cells are negative. 
Focal expression of WISP-1, however, was observed in tumor cells in 
some areas. Images of WISP-2 expression are. shown in £-//. At low 
power (£ and F), expression of WISP-2 is seen in cells lying within the 
fibrovascular tumor stroma. At higher magnification, these cells 
appeared to be adjacent to capillary vessels whereas tumor cells are 
negative (G and H). 



the predominant cell type expressing WISP-1 was the stromal 
fibroblasts. 

Chromosome Localization of the WISP Genes. The chro- 
mosomal location of the human WISP genes was determined 
by radiation hybrid mapping panels. WISP-1 is approximately 
3.48 cR from the meiotic marker AFM259xc5 [logarithm of 
odds (lod) score 16.31] on chromosome 8q24.1 to 8q24.3, in the 
same region as the human locus of the novH family member 
(27) and roughly 4 Mbs distal to c-myc (28). Preliminary fine 
mapping indicates that WISP-1 is located near D8S1712 STS. 
WISP-2 is linked to the marker SHGC-33922 (lod = 1,000) on 
chromosome 20ql2-20ql3.1. Human WISPS mapped to chro- 
mosome 6q22-6q23 and is linked to the marker AFM211ze5 
(lod = 1,000). WISPS is approximately 18 Mbs proximal to 
CTGF and 23 Mbs proximal to the human cellular oncogene 
AfTA (27, 29). 

Amplification and Aberrant Expression otWISPs in Human 
Colon Tumors. Amplification of protooncogenes is seen in 
many human tumors and has etiological and prognostic sig- 
nificance. For example, in a variety of tumor types, c-myc 
amplification has been associated with malignant progression 
and poor prognosis (30). Because WISP-1 resides in the same 
general chromosomal location (8q24) as c-myc, we asked 
whether it was a target of gene amplification, and, if so, 
whether this amplification was independent of the c-myc locus. 
Genomic DNA from human colon cancer cell lines was 
assessed by quantitative PCR and Southern blot analysis. (Fig. 
5 A and B). Both methods detected similar degrees of WISP-1 
amplification. Most cell lines showed significant (2- to 4-fold) 
amplification, with the HT-29 and WiDr cell lines demonstrat- 
ing an 8-fold increase. Significantly, the pattern of amplifica- 
tion observed did not correlate with that observed for c-myc, 
indicating that the c-myc gene is not part of the amplicon that 
involves the WISP- 1 locus. 

We next examined whether the WISP genes were amplified 
in a panel of 25 primary human colon adenocarcinomas. The 
relative WISP gene copy number in each colon tumor DNA 
was compared with pooled normal DNA from 10 donors by 
quantitative PCR (Fig. 6). The copy number of WISP-1 and 
WISP-2 was significantly greater than one, approximately 
2-fold for WISP-1 in about 60% of the tumors and 2- to 4-fold 
for WISP-2 in 92% of the tumors (P < 0.001 for each). The 
copy number for WISPS was indistinguishable from one (P = 
0.166). In addition, the copy number of WISP-2 was signifi- 
cantly higher than that of WISP-1 (P < 0.001). 

The levels of WISP transcripts in RNA isolated from 19 
adenocarcinomas and their matched normal mucosa were 
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Fig. 5. Amplification of WISP-1 genomic DNA in colon cancer cell 
lines. (A ) Amplification in cell line DNA was determined by quanti- 
tative PCR. (B) Southern blots containing genomic DNA (10 jig) 
digested with £coRI (WISP-1) or Xbal (c-myc) were hybridized with 
a 100-bp human WISP-1 probe (amino acids 186-219) or a human 
c-myc probe (located at bp 1901-2000). The WISP and myc genes are 
detected in normal human genomic DNA after a longer film exposure. 
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Fig. 6. Genomic amplification of WISP genes in human colon 
tumors. The relative gene copy number of the WISP genes in 25 
adenocarcinomas was assayed by quantitative PCR, by comparing 
DNA from primary human tumors with pooled DNA from 10 healthy 
donors. The data are means ± SEM from one experiment done in 
triplicate. The experiment was repeated at least three times. 

assessed by quantitative PCR (Fig. 7). The level of WISP-1 
RNA present in tumor tissue varied but was significantly 
increased (2- to > 25-fold) in 84% (16/19) of the human colon 
tumors examined compared with normal adjacent mucosa. 
Four of 19 tumors showed greater than 10-fold overexpression. 
In contrast, in 79% (15/19) of the tumors examined, WISP-2 
RNA expression was significantly lower in the tumor than the 
mucosa. Similar to WISP-1, WISP-3 RNA was overexpressed in 
63% (12/19) of the colon tumors compared with the normal 
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Fig. 7. WISP RNA expression in primary human colon tumors 
relative to expression in norma! mucosa from the same patient. 
Expression of WISP mRNA in 19 adenocarcinomas was assayed by 
quantitative PCR. The Dukes stage of the tumor is listed under the 
sample number. The data are means ± SEM from one experiment 
done in triplicate. The experiment was repeated at least twice. 



mucosa. The amount of overexpression of WISP-3 ranged from 
4- to >40-fold. 



DISCUSSION 

One approach to understanding the molecular basis of cancer 
is to identify differences in gene expression between cancer 
cells and normal cells. Strategies based on assumptions that 
steady-state mRNA levels will differ between normal and 
malignant cells have been used to clone differentially ex- 
pressed genes (31). We have used a PCR-based selection 
strategy, SSH, to identify genes selectively expressed in 
C57MG mouse mammary epithelial cells transformed by 
Wnt-1; 

Three of the genes isolated, WISP-1, WISP-2, and WISP-3, 
are members of the CCN family of growth factors, which 
includes CTGF, Cyr61, and nov, a family not previously linked 
to Wnt signaling. 

Two independent experimental systems demonstrated that 
WISP induction was associated with the expression of Wnt-1. 
The first was C57MG cells infected with a Wnt-1 retroviral 
vector or C57MG cells expressing Wnt-1 under the control of 
a tetracyline-repressible promoter, and the second was in 
WnM transgenic mice, where breast tissue expresses Wnt-1, 
whereas normal breast tissue does not. No WISP RNA expres- 
sion was detected in mammary tumors induced by polyoma 
virus middle T antigen (data not shown). These data suggest 
a link between Wnt-1 and WISPs in that in these two situations, 
WISP induction was correlated with Wnt-1 expression. 

It is not clear whether the WISPs are directly or indirectly 
induced by the downstream components of the Wnt-1 signaling 
pathway (i.e., 0-cateriin-TCF-l/Lefl). The increased levels of 
WISP RNA were measured in Wnt-1 -transformed cells, hours 
or days after Wnt-1 transformation. Thus, WISP expression 
could result from Wnt-1 signaling directly through /3-catenin 
transcription factor regulation or alternatively through Wnt-1 
signaling turning on a transcription factor, which in turn 
regulates WISPs. 

The WISPs define an additional subfamily of the CCN family 
of growth factors. One striking difference observed in the 
protein sequence of WISP-2 is the absence of a CT domain, 
which is present in CTGF, Cyr61, nov, WISP-1, and WISP-3. 
This, domain is thought to be involved in receptor binding and 
dimerization. Growth factors, such as TGF-0, platelet-derived 
growth factor, and nerve growth factor, which contain a cystine 
knot motif exist as dimers (32). It is tempting to speculate that 
WISP-1 and WISP-3 may exist as dimers, whereas WISP-2 
exists as a monomer. If the CT domain is also important for 
receptor binding, WISP-2 may bind its receptor through a 
different region of the molecule than the other CCN family 
members. No specific receptors have been identified for CTGF 
or nov. A recent report has shown that integrin a v 03 serves as 
an adhesion receptor for Cyr61 (33). 

The strong expression of WISP-1 and WISP-2 in cells lying 
within the fibrovascular tumor stroma in breast tumors from 
Wnt-1 transgenic animals is consistent with previous obser- 
vations that transcripts for the related CTGF gene are pri- 
marily expressed in the fibrous stroma of mammary tumors 
(34). Epithelial cells are thought to control the proliferation of 
connective tissue stroma in mammary tumors by a cascade of 
growth factor signals similar to that controlling connective 
. tissue formation during wound repair. It has been proposed 
that mammary tumor cells or inflammatory ceils at the tumor 
interstitial interface secrete TGF-/31, which is the stimulus for 
stromal proliferation (34). TGF-01 is secreted by a large 
percentage of malignant breast tumors and may be one of the 
growth factors that stimulates the production of CTGF and 
WISPs in the stroma. 

It was of interest that WISP-1 and WISP-2 expression was 
observed in the stromal cells that surrounded the tumor cells 
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(epithelial cells) in the Wnt-1 transgenic mouse sections of 
breast tissue. This finding suggests that paracrine signaling 
could occur in which the stromal cells could supply. WISP-1 and 
WISP-2 to regulate tumor cell growth on the WISP extracel- 
lular matrix. Stromal cell-derived factors in the extracellular 
matrix have been postulated to play a role in tumor cell 
migration and proliferation (35), The localization of WISP-1 
and WISP-2 in the stromal cells of breast tumors supports this 
paracrine model. 

An analysts of WISP- 1 gene amplification and expression in 
human colon tumors showed a correlation between DNA 
amplification and overexpression, whereas overexpression of 
WISP-3 RNA was seen in the absence of DNA amplification. 
In contrast, WISP-2 DNA was amplified in the colon tumors, 
but its mRNA expression was significantly reduced in the 
majority of tumors compared with the expression in norma! 
colonic mucosa from the same patient. The gene for human 
WISP '2 was localized to chromosome 20ql2-20ql3, at a region 
frequently amplified and associated with poor prognosis in 
node negative breast cancer and many colon cancers, suggest- 
ing the existence of one or more oncogenes at this locus 
(36-38). Because the center of the 20ql3 amplicon has not yet 
been identified, it is possible that the apparent amplification 
observed for WISP-2 may be caused by another gene in this 
amplicon. 

A recent manuscript on rCop-1, the rat orthologue of 
WISP-2, describes the loss of expression of this gene after cell 
transformation, suggesting it may be a negative regulator of 
growth in cell lines (16). Although the mechanism by which 
WISP-2 RNA expression is down-regulated during malignant 
transformation is unknown, the reduced expression of WISP-2 
in colon tumors and cell lines suggests that it may function as 
a tumor suppressor. These results show that the WISP genes 
are aberrantly expressed in colon cancer and suggest that their 
altered expression may confer selective growth advantage to 
the tumor. 

Members of the Wnt signaling pathway have been impli- 
cated in the pathogenesis of colon cancer, breast cancer, and 
melanoma, including the tumor suppressor gene adenomatous 
polyposis coli and /3-catenin (39). Mutations in specific regions 
of either gene can cause the stabilization and accumulation of 
cytoplasmic 0-catenin, which presumably contributes to hu- 
man carcinogenesis through the activation of target genes such 
as the WISPs. Although the mechanism by which Wnt-1 
transforms cells and induces tumorigenesis is unknown, the 
identification of WISPs as genes that may be regulated down- 
stream of Wnt-1 in C57MG cells suggests they could be 
important mediators of Wnt-1 transformation. The amplifica- 
tion and altered expression patterns of the WISPs in human 
colon tumors may indicate an important role for these genes 
in tumor development. . 

We thank the DNA synthesis group for oligonucleotide synthesis, T. 
Baker for technical assistance, P. Dowd for radiation hybrid mapping, 
K. Willed and R. Nusse for the tet- repressive C57MG/Wnt-1 cells, V. 
Dixit for discussions, and D. Wood and A. Bruce for artwork. 

1. Cadigan, K. M. & Nusse, R. (1997) Genes Dev. 11, 3286-3305. 

2. Dale, T. C. (1998) Biochem. I 329, 209-223. 

3. Nusse, R. & Varmus, H. E. (1982) Cell 31, 99-109. 

4. van Ooyen, A. & Nusse, R. (1984) Cell 39, 233-240. 

5. Tsukamoto, A. S., Grosschedl, Rl, Guzman, R. C, Parslow, T. & 
Varmus, H. E. (1988) Cell 55, 619-625. 

6. Brown, J. D. & Moon, R. T. (1998) Curr. Opin. Cell. BioL 10, 
182-187. 

7. Molenaar, M., van de Wetering, M., Oosterwegel, M., Peterson- 
Maduro, J., Godsave, S., Korinek, V., Roose, J., Destree, O. & 
Clevers, H. (1996) Cell 86, 391-399. 




Proc. Natl. Acad. Sci. USA 95 (1998) 

8. Korinek, V., Barker, N., Willert, K., Molenaar, M., Roose, J., 
Wagenaar, G., Markman, M., Lamers, W., Destree, O. & Clevers, 
H. (1998) Mot. Cell. Biol. 18, 1248-1256. 

9. Munemitsu, S„ Albert, I., Souza, B., Rubinfeld, B. & Polakis, P. 

(1995) Proc. Natl. Acad. Sci. USA 92, 3046-3050. 

10. He, T. C, Sparks, A. B., Rago, C, Hermeking, H., Zawei, L, da 
. Costa, L T., Morin, P. J., Vogelstein, B. & Kinzler, K. W. (1998) 

Science 281, 1509-1512. 

11. Diatchenko, L., Lau, Y. R, Campbell, A. P., Chenchik, A., 
Moqadam, F., Huang, B., Lukyanov, S., Lukyanov, K., Gurskaya, 
N., Sverdlov, E. D. & Siebert, P. D. (1996) Proc. Natl. Acad. Sci. 

. USA 93, 6025-6030. 

12. Brown, A. M., Wildin, R. S., Prendergast, T. J. & Varmus, H. E. 
(1986) Cell 46, 1001-1009. 

13. Wong, G. T., Gavin, B. J. & McMahon, A. P. (1994) Mol. Cell. 
Biol. 14, 6278-6286. 

14. Shimizu, H., Julius, M. A., Giarre, M., Zheng, Z., Brown, A. M. 
& Kitajewski, J. (1997) CeU Growth Differ. 8, 1349-1358. 

15. Hashimoto, Y., Shindo-Okada, N., Tani, M., Nagamachi, Y., 
Takeuchi, K., Shiroishi, T., Toma, H. & Yokota, J. (1998)/. Exp. 
Med.. 187, 289-296. 

16. Zhang, R., Averboukh, L„ Zhu, W., Zhang, H., Jo, H„ Dempsey, 
P. J., Coffey, ft. J., Pardee, A. B. & Liang, P. (1998) Mol, Cell 
Biol. 18, 6131-6141. 

17. Grotendorst, G. R. (1997) Cytokine Growth Factor Rev. 8, 171- 
179. 

18. Kireeva, M. L., Mo, F. E., Yang, G. P. & Lau, L. F. (1996) Mol. 
CeU. Biol 16, 1326-1334. 

19. Babic, A. M., Kireeva, M. L., Kolesnikova, T. V. & Lau, L. F. 
(1998) Proc. Natl Acad. Sci. USA 95, 6355-6360. 

20. Martinerie, C, Huff, V., Joubert, I., Badzioch, M„ Saunders, G., 
Strong, L. & Perbal, B. (1994) Oncogene 9, 2729-2732. 

21. Bork, P. (1993) FEBS Lett. 327, 125-130. 

22. Kim, H. S., Nagalla, S. R., Oh, Y., Wilson, E.. Roberts, C. T., Jr. 
& Rosenfeld, R. G. (1997) Proc. Natl Acad. Sci. USA 94, 
12981-12986. 

23. Joliot, V., Martinerie, C, Dambrine, G, Plassiart, G., Brisac, M., 
Crochet, J. & Perbal, B. (1992) Mol Cell. Biol. 12, 10-21. 

24. Mancuso, D. J., Tuley, E. A., Westfield, L. A., Worrall, N. K., 
Shelton-Inloes, B. B., Sorace, J. M., Alevy, Y. G. & Sadler, J. E. 
(1989)7. Biol Chem. 264, 19514-19527. 

25. Holt, G. D., Pangburn, M. KL & Ginsburg, V. (1990)7. Biol 
Chem. 265, 2852-2855. 

26. Voorberg, J., Fontijn, R., Calafat, J., Janssen, H., van Mourik, 
J. A. & Pannekoek, H. (1991)/ Cell Biol 113, 195-205. 

27. Martinerie, C, Vtegas-Pequignot, E., Guenard, I,, Dutrillaux, B., 
Nguyen, V. C, Bernheim, A. & Perbal, B. (1992) Oncogene 7, 
2529-2534. 

28. Takahashi, E., Hori, T., O'Connell, P., Leppert, M. & White, R. 
(1991) Cytogenet. Cell Genet. 57, 109-111. 

29. Meese, E., Meltzer, P. S., Witkowski, C. M. & Trent, J. M. (1989) 
Genes Chromosomes Cancer 1, 88-94. 

30. Garte, S. J. (1993) Crit. Rev. Oncog. 4, 435-449. 

31. Zhang, L., Zhou, W., Velculescu, V. E., Kern, S. E., Hruban, 
R. H., Hamilton, S. R., Vogelstein, B. & Kinzler, K. W. (1997) 
Science 276, 1268-1272. 

32. Sun, P. D. & Davies, D. R. (1995) Annu. Re\>. Biophys. Biomol 
Struct. 24, 269-291. 

33. Kireeva, M. L, Lam, S. C. T. & Lau, L. F. (1998) J. Biol Chem. 
273, 3090-3096. 

34. Frazier, K. S. & Grotendorst, G R. (1997) Int. J. Biochem. CeU. 
Biol 29, 153-161. 

35. Wernert, N. (1997) Virchows Arch. 430, 433-443. 

36. Tanner, M. M., Tirkkonen, M., Kallioniemi, A., Collins, G, 
Stokke, T, Karhu, R., Kowbel, D., Shadravan, F., Hintz, M., Kuo, 
W. L., et al. (1994) Cancer Res. 54, 4257-4260. 

37. Brinkmann, U., Gallo, M., Polymeropoulos, Ml H. & Pastan, I. 

(1996) Genome Res. 6, 187-194. 

- 38. Bischoff, J. R., Anderson, L., Zhu, Y., Mossie, K., Ng, L., Souza, 
B., Schryver, B., Flanagan, P., Clairvoyant, F., Ginther, C. t etal. 
(1998) EMBO J. 17, 3052-3065. 

39. Morin, P. J., Sparks, A. B., Korinek, V., Barker, N., Clevers, H., 
Vogelstein, B. & Kinzler, K. W. (1997) Science 27S, 1787-1790. 

40. Lu, L H. & Gillett, N. (1994) CeU Vision 1, 169-176. 




methods. Peptides AENK or AEQKwere dissolved in water, made isotonic with 
NaCl and diluted into RPM1 growth medium. T-cell-prohferation assays were 
done essentially as described*" 1 . Briefly, after antigen pulsing (30u,gmr' 
TTCF) with tetrapeptides (l-2mgmr'), PBMCs or EBV-B cells were 
washed in PBS and fixed for 45 s in 0.05% glutaraldehyde. Glycine was added 
to a final concentration of 0.1 M and the cells were washed five times in RPMI 
1640 medium containing 1% FCS before co-culture with T-cell clones in 
round-bottom 96-well microtitre plates. After 48 h, the cultures were pulsed 
with 1 u,Ci of 3 H -thymidine and harvested for scintillation counting 16 h later. 
Predigestion of native TTCF was done by incubating 200 u,g TTCF with 0.25 u,g 
pig kidney legumain in 500 u,l 50 mM citrate buffer, pH 5.5, for 1 h at 37 °C. 
Gtycopeptide digestions. The peptides HIDNEEDI, HIDN(N-glucosamine) 
EEDI and HIDNESDI/ which are based on the TTCF sequence, and 
QQQHLFGSNVTDCSGNFCLFK(KKK), which is based on human transferrin, 
were obtained by custom synthesis. The three C-terminal lysine residues were 
added to the natural sequence to aid solubility. The transferrin glycopeptide 
QQQHLFGSNVTDCSGNFCLFR was prepared by tryptic (Promega) digestion 
of 5mg reduced, carboxy-methylated human transferrin followed by 
concanavalin A chromatography". Glycopeptides corresponding to residues 
622-642 and 421-452 were isolated by reverse-phase HPLC and identified by 
mass spectrometry and N-terminal sequencing. The lyophilized transferrin- 
derived peptides were redissolved in 50 mM sodium acetate, pH 5.5, 10 mM 
dithiothreitol, 20% methanol. Digestions were performed for 3 h at 30 °C with 
5-50 mU ml"' pig kidney legumain or B-cell AEP. Products were analysed by 
HPLC or MALDI-TOF mass spectrometry using a matrix of lOmgml" 1 a- 
cyanocinnamic acid in 50% acetonitrile/0.1% TFA and a PerSeptive Biosystems 
Elite STR mass spectrometer set to linear or reflector mode. Internal standar- 
dization was obtained with a matrix ion of 568.13 mass units. 
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Fas ligand (FasL) is produced by activated T cells and natural 
killer cells and it induces apoptosis (programmed cell death) in 
target cells through the death receptor Fas/Apol/CD95 (ref. 1). 
One important role of FasL and Fas is to mediate immune- 
cytotoxic killing of cells that are potentially harmful to the 
organism, such as virus-infected or tumour cells 1 . Here we 
report the discovery of a soluble decoy receptor, termed decoy 
receptor 3 (DcR3), that binds to FasL and inhibits FasL-induced 
apoptosis. The DcR3 gene was amplified in about half of 35 
primary lung and colon tumours studied, and DcR3 messenger 
RNA was expressed in malignant tissue. Thus, certain tumours 
may escape FasL-dependent immune-cytotoxic attack by expres- 
sing a decoy receptor that blocks FasL. 

By searching expressed sequence tag (EST) databases, we identi- 
fied a set of related ESTs that showed homology to the tumour 
necrosis factor (TNF) receptor (TNFR) gene superfamily 2 . Using 
the overlapping sequence, we isolated a previously unknown full- 
length complementary DNA from human fetal lung. We named the 
protein encoded by this cDNA decoy receptor 3 (DcR3). The cDNA 
encodes a 300-amino-acid polypeptide that resembles members of 
the TNFR family (Fig. la): the amino terminus contains a leader 
sequence, which is followed by four tandem cysteine-rich domains 
(CRDs). Like one other TNFR homologue, osteoprotegerin (OPG)\ 
DcR3 lacks an apparent transmembrane sequence, which indicates 
that it may be a secreted, rather than a membrane-asscociated, 
molecule. We expressed a recombinant, histidine-tagged form of 
DcR3 in mammalian cells; DcR3 was secreted into the cell culture 
medium, and migrated on polyacrylamide gels as a protein of 
relative molecular mass 35,000 (data not shown). DcR3 shares 
sequence identity in particular with OPG (31%) and TNFR2 
(29%), and has relatively less homology with Fas (17%). All of 
the cysteines in the four CRDs of DcR3 and OPG are conserved; 
however, the carboxy-terminal portion of DcR3 is 101 residues 
shorter. 

We analysed expression of DcR3 mRNA in human tissues by 
northern blotting (Fig. lb). We detected a predominant 1.2-kilobase 
transcript in fetal lung, brain, and liver, and in adult spleen, colon 
and lung. In addition, we observed relatively high DcR3 mRNA 
expression in the human colon carcinoma cell line SW480. 

To investigate potential ligand interactions of DcR3, we generated 
a recombinant, Fc-tagged DcR3 protein. We tested binding of 
DcR3-Fc to human 293 cells transfected with individual TNF- 
family ligands, which are expressed as type 2 transmembrane 
proteins (these transmembrane proteins have their N termini in 
the cytosol). DcR3-Fc showed a significant increase in binding to 
cells transfected with FasL 4 (Fig. 2a), but not to cells transfected with 
TNF 5 , Apo2L/TRAIL 6,7 , Apo3L/TWEAK M , or OPGL/TRANCE/ 
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RANKL 10 " 12 (data not shown). DcR3-Fc immunoprecipitated shed 
FasL from FasL-transfected 293 cells (Fig. 2b) and purified soluble 
FasL (Fig. 2c), as did the Fc-tagged ectodomain of Fas but not 
TNFR1. Gel-filtration chromatography showed that DcR3-Fc and 
soluble FasL formed a stable complex (Fig. 2d). Equilibrium 
analysis indicated that DcR3-Fc and Fas-Fc bound to soluble 
FasL with a comparable affinity (K d = 0.8 ± 0.2 and. 
l.l±0.InM, respectively; Fig. 2e), and that DcR3-Fc could 
block nearly all of the binding of soluble FasL to Fas-Fc (Fig. 2e, 
inset). Thus, DcR3 competes with Fas for binding to FasL. 

To determine whether binding of DcR3 inhibits FasL activity, we 
tested the effect of DcR3-Fc on apoptosis induction by soluble 
FasL in Jurkat T leukaemia cells, which express Fas (Fig. 3a). DcR3- . 
Fc and Fas-Fc blocked soluble-FasL-induced apoptosis in a 
similar dose-dependent manner, with half-maximal inhibition at 
—0.1 p.gmr'. Time-course analysis showed that the inhibition did 
not merely delay cell death, but rather persisted for at least 24 hours 
(Fig. 3b). We also tested the effect of DcR3-Fc on activation- 
induced cell death (AICD) of mature T lymphocytes, a FasL- 
dependent process'. Consistent with previous results 13 , activation 
of interleukin-2-stimulated CD4-positive T cells with anti-CD3 
antibody increased the level of apoptosis twofold, and Fas-Fc 
blocked this effect substantially (Fig. 3c); DcR3-Fc blocked the 



induction of apoptosis to a similar extent. Thus, DcR3 binding 
blocks apoptosis induction by FasL. 

FasL-induced apoptosis is important in elimination of virus- 
infected cells and cancer cells by natural killer cells and cytotoxic T 
lymphocytes; an alternative mechanism - involves perforin and 
granzymes 114 " 16 . Peripheral blood natural killer cells triggered 
marked cell death in Jurkat T leukaemia cells (Fig. 3d); DcR3-Fc 
and Fas-Fc each reduced killing of target cells from —65% to 
—30%, with half-maximal inhibition at -l^gmP 1 ; the residual 
killing was probably mediated by the perforin/granzyme pathway. 
Thus, DcR3 binding blocks FasL-dependent natural killer cell 
activity. Higher DcR3-Fc and Fas-Fc concentrations were required 
to block natural killer cell activity compared with those required to 
block soluble FasL activity, which is consistent with the greater 
potency of membrane -associated FasL compared with soluble 
FasL". 

Given the role of immune-cytotoxic cells in elimination of 
tumour cells and the fact that DcR3 can act as an inhibitor of 
FasL, we proposed that DcR3 expression might contribute to the 
ability of some tumours to escape immune-cytotoxic attack. As 
genomic amplification frequently contributes to tumorigenesis, we 
investigated whether the DcR3 gene is amplified in cancer. We 
analysed DcR3 gene-copy number by quantitative polymerase chain 
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Figure 1 Primary structure and expression of human DcR3. a, Alignment of the 
amino-acid sequences of DcR3 and of osteoprotegerin (OPG); the C-terminal 101 
residues of OPG are not shown. The putative signal cleavage site (arrow), the 
cysteine-rich domains (CRD 1-4), and the AMinked glycosylation site (asterisk) are 
shown, b, Expression of DcR3 mRNA. Northern hybridization analysis was done 
using the DcR3 cDNA as a probe and blots of poly(A)* RNA (Clontech) from 
human fetal and adult tissues or cancer cell lines. PBL, peripheral blood 
lymphocyte. 
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Figure 2 Interaction of DcR3 with FasL. a, 293 cells were transfected with pRK5 
vector (top) or with pRK5 encoding full-length FasL (bottom), incubated with 
DcR3-Fc (solid line, shaded area), TNFRl-Fc (dotted line) or buffer control 
(dashed line) (the dashed and dotted lines overlap), and analysed for binding by. 
FACS. Statistical analysis showed a significant difference (P < 0.001 ) between the 
binding of DcR3-Fc to cells transfected with FasL or pRK5. PE, phycoeryth re- 
labelled cells, b. 293 cells were transfected as in a and metabolically labelled, and 
cell supernatants were immunoprecipitated with Fc-tagged TNFR1, DcR3 or Fas. 
c, Purified soluble FasL (sFasL)was immunoprecipitated with TNFRl-Fc, OcR3- 
Fc or Fas-Fc and visualized by immunoblot with anti-FasL antibody. sFasL was 
loaded directly for comparison in the right-hand lane, d, Flag-tagged sFasL was 
incubated with OcR3-Fc or with buffer and resolved by gel filtration; column 
fractions were analysed in an assay that detects complexes containing DcR3-Fc 
and sFasL-Flag. e, Equilibrium binding of DcR3-Fc or Fas-Fc to sFasL-Flag. 
Inset, competition of DcR3-Fc with Fas-Fc for binding to sFasL-Flag. 



700 



Nature © Macmillan Publishers Ltd 1998 NATURE | VOL 396 1 17 DECEMBER 1998 1 www.naturc.com 




reaction (PCR) ,a in genomic DNA from 35 primary lung and colon 
tumours, relative to pooled genomic DNA from peripheral blood 
leukocytes (PBLs) of 10 healthy donors. Eight of 18 lung tumours 
and 9 of 17 colon tumours showed DcR3 gene amplification, 
ranging from 2- to 18-fold (Fig. 4a, b). To confirm this result, we 
analysed the colon tumour DNAs with three more, independent sets 
of DcR3 -based PCR primers and probes; we observed nearly the 
same amplification (data not shown). 

We then analysed DcR3 mRNA expression in primary tumour 
tissue sections by in situ hybridization. We detected DcR3 expres- 
sion in 6 out of 15 lung tumours, 2 out of 2 colon tumours, 2 out of 5 
breast tumours, and 1 out of 1 gastric tumour (data not shown). A 
section through a squamous-cell carcinoma of the lung is shown in 
Fig. 4c. DcR3 mRNA was localized to infiltrating malignant epithe- 
lium, but was essentially absent from adjacent stroma, indicating 
tumour-specific expression. Although the individual tumour speci- 
mens that we analysed for mRNA expression and gene amplification 
were different, the in situ hybridization results are consistent with 
the finding that the DcR3 gene: is amplified frequently in tumours. 
SW480 colon carcinoma cells, which showed abundant DcR3 
mRNA expression (Fig. lb), also had marked DcR3 gene amplifica- 
tion, as shown by quantitative PCR (fourfold) and by Southern blot 
hybridization (fivefold) (data not shown). 

If DcR3 amplification in cancer is functionally relevant, then 
DcR3 should be amplified more than neighbouring genomic 
regions that are not important for tumour survival. To test this, 
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we mapped the human DcR3 gene by radiation-hybrid analysis; 
DcR3 showed linkage to marker AFM218xe7 (T160), which maps to 
chromosome position 20ql3. Next, we isolated from a bacterial 
artificial chromosome (BAC) library a human genomic clone that 
carries DcR3, and sequenced the ends of the clone's insert. We then 
determined, from the nine colon tumours that showed twofold or 
greater amplification of DcR3, the copy number of the DcR3- 
flanking sequences (reverse and forward) from the BAC, and of 
seven genomic markers that span chromosome 20 (Fig. 4d). The 
DcR3 -linked reverse marker showed an average amplification of 
roughly threefold, slightly less than the approximately fourfold 
amplification of DcR3; the other markers showed little or no 
amplification. These data indicate that DcR3 may be at the 'epi- 
centre* of a distal chromosome 20 region that is amplified in colon 
cancer, consistent with the possibility that DcR3 amplification 
promotes tumour survival. 

Our results show that DcR3 binds specifically to FasL and inhibits 
FasL activity. We did not detect DcR3 binding to several other TNF- 
ligand- family members; however, this does not rule out the possi- 
bility that DcR3 interacts with other ligands, as do some other 
TNFR family members, including OPG U9 . 

FasL is important in regulating the immune response; however, 
little is known about how FasL function is controlled. One mechan- 
ism involves the molecule cFLIP, which modulates apoptosis signal- 
ling downstream of Fas 20 . A second mechanism involves proteolytic 
shedding of FasL from the cell surface 17 . DcR3 competes with Fas for 
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Figure 3 Inhibition of FasL activity by DcR3. a, Human Jurkat T leukaemia ceHs 
were incubated with Flag-tagged soluble FasL ^FaBLi-angrr!! - ') oligomerized 
with anti-Rag antibody (0.1 n.gmr') in the presence of the proposed inhibitors 
DcR3-Fc, Fas-Fc or human IgGl arid assayed for apoptosis (mean ± s.e.m. of 
triplicates), b. Jurkat cells were incubated with sFasL-Flag.plus anti-Flag antibody 
as in a. in presence of 1 u-g ml"' DcR3-Fc (rilled circles), Fas-Fc (open circles) or 
human IgGl (triangles), and apoptosis was determined at the indicated time 
points, c, Peripheral blood T cells were stimulated with PHA and interleukin-2, 
followed by control (white bars) or anti-CD3 antibody (filled bars), together with 
phosphate-buffered saline (PBS), human IgGl. Fas-Fc, or DcR3-Fc (10 ug ml* 1 ). 
After 16 h. apoptosis of CD4* cells was determined (mean ± s.e.m. of results from 
five donors), d. Peripheral blood natural killer cells were incubated with s, Cr- 
labelled Jurkat cells in the presence of DcR3-Fc (filled circles), Fas-Fc (open 
circles) or human IgGl (triangles), and target-cell death was determined by 
release of 5, Cr (mean ± s.d. for two donors, each in triplicate). 
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Figure 4 Genomic amplification of DcR3 in tumours, a, Lung cancers, comprising 
eight adenocarcinomas (c, d. f, g, h, j, k. r), seven squamous-cell carcinomas (a, e, 
m, n. o. p. q), one non-small-cell carcinoma (b). one small-cell carcinoma (i), and 
one bronchial adenocarcinoma (I). The data are means ± s.d. of 2 experiments 
done in duplicate, b, Colon tumours, comprising 17 adenocarcinomas. Data are 
means ± s.e.m. of five experiments done in duplicate, c, In situ hybridization 
analysis of DcR3 mRNA expression in a squamous-cell carcinoma of the lung. A 
representative bright-held image (left) and the corresponding dark-field image 
(right) show DcR3 mRNA over infiltrating malignant epithelium (arrowheads). 
Adjacent non-malignant stroma (S). blood vessel (V) and necrotic tumour tissue 
(N) are also shown, d, Average amplification of DcR3 compared with amplifica- 
tion of neighbouring genomic regions (reverse and forward, Rev and Fwd). the 
DcR3-linked marker T160. and other chromosome-20 markers, in the nine colon 
tumours showing DcR3 amplification of twofold or more (b). Data are from two 
experiments done in duplicate. Asterisk indicates P < 0.01 for a Student's Mest 
comparing each marker with DcR3. 
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FasL binding; hence, it may represent a third mechanism of 
extracellular regulation of FasL activity. A decoy receptor that 
modules the function of the cytokine interleukin- 1 has been 
described 21 . In addition, two decoy receptors that belong to the 
TNFR family, DcRl and DcR2, regulate the FasL-related apoptosis- 
inducing molecule Apo2L 22 . Unlike DcRl and DcR2, which are 
membrane-associated proteins, DcR3 is directly secreted into the 
extracellular space. One other secreted TNFR-family member is 
OPG 3 , which shares greater sequence homology with DcR3 (31%) 
than do DcRl (17%) or DcR2 (19%); OPG functions as a third 
decoy for Apo2L 19 . Thus, DcR3 and OPG define a new subset of 
TNFR-family members that function as secreted decoys to mod- 
ulate ligands that induce apoptosis. Pox viruses produce soluble 
TNFR homologues that neutralize specific TNF-family ligands, 
thereby modulating the antiviral immune response 2 . Our results 
indicate that a similar mechanism, namely, production of a soluble 
decoy receptor for FasL, may contribute to immune evasion by 
certain tumours. D 

Methods 

Isolation of DcR3 cDNA. Several overlapping ESTs in GenBank (accession 
numbers AA025672, AA025673 and W67560) and in Lifeseq™ (Incyte 
Pharmaceuticals; accession numbers 1339238, 1533571, 1533650, 1542861, 
1789372 and 2207027) showed similarity to members of the TNFR family. We 
screened human cDNA libraries by PCR with primers based on the region of 
EST consensus; fetal lung was positive for a product of the expected size. By 
hybridization to a PCR-generated probe based on the ESTs, one positive clone 
(DNA30942) was identified. When searching for potential alternatively spliced 
forms of DcR3 that might encode a transmembrane protein, we isolated 50 
more clones; the coding regions of these clones were identical in size to that of 
the initial clone (data not shown). 

Fc-fusion proteins (immunoadhesins). The entire DcR3 sequence, or the 
ectodomain of Fas or TNFR1, was fused to the hinge and Fc region of human 
IgGl, expressed in insect SF9 cells or in human 293 cells, and purified as 
described". 

Fluorescence-activated cell sorting (FACS) analysis. We trans fee ted 293 
cells using calcium phosphate or EfFectene (Qiagen) with pRK5 vector or pRK5 
encoding full-length human FasL 4 (2 u,g), together with pRK5 encoding CrmA 
(2u.g) to prevent cell death. After 16 h, the cells were incubated with 
biotinylated DcR3-F.c or TNFRl-Fc and then with phycoerythrin-conjugated 
streptavidin (GibcoBRL), and were assayed by FACS. The data were analysed by 
Kolmogoroy-Smirnov statistical analysis. There was some detectable staining 
of vector-transfected cells by DcR3-Fc; as these cells express little FasL (data 
not shown), it is possible that DcR3 recognized some other factor that is 
expressed constitutively on 293 cells. 

Immunoprecipitation. Human 293 cells were transfected as above, and 
metabolically labelled with ( 35 S]cysteine and [ 3S S1 methionine (0.5 mCi; 
Amersham). After 16 h of culture in the presence of z-VAD-fmk (lOp-M), 
the medium was immu no precipitated with DcR3-Fc, Fas-Fc or TNFRl-Fc 
(5u,g), followed by protein A-Sepharose (Repligen). The precipitates were 
resolved by SDS-PAGE and visualized on a phosphorimager (Fuji BAS2000). 
Alternatively, purified, Flag-tagged soluble FasL (1 *ig) (Alexis) was incubated 
with each Fc-fusion protein (1 u.g), precipitated with protein A-Sepharose, 
resolved by SDS-PAGE and visualized by immunoblotting with rabbit anti- 
FasL antibody (Oncogene Research). 

Analysis of complex formation. Flag-tagged soluble FasL (25u.g) was 
incubated with buffer or with DcR3-Fc (40 p.g) for 1.5 h at 24 °C. The reaction 
was loaded onto a Superdex 200 HR 10/30 column (Pharmacia) and developed 
with PBS; 0.6-ml fractions were collected. The presence of DcR3-Fc-FasL 
complex in each fraction was analysed by placing 100 u,l aliquots into microtitre 
wells precoated with anti-human IgG (Boehringer) to capture DcR3-Fc, 
followed by detection with biotinylated anti-Flag antibody Bio M2 (Kodak) and 
streptavidin -horseradish peroxidase (Amersham). Calibration of the column 
indicated an apparent relative molecular mass of the complex of 420K (data not 
shown), which is consistent with a stoichiometry of two DcR3-Fc homodimers 
to two soluble FasL homotrimers. 

Equilibrium binding analysis. Microtitre wells were coated with anti-human 



IgG, blocked with 2% BSA in PBS. DcR3-Fc or Fas-Fc was added, followed by 
serially diluted Flag-tagged soluble FasL. Bound ligand was detected with anti- 
Flag antibody as above. In the competition assay, Fas-Fc was immobilized as 
above, and the wells were blocked with excess IgGl before addition of Flag- 
tagged soluble FasL plus DcR3-Fc. 

T-cell AlCD. CD3* lymphocytes were isolated from peripheral blood of 
individual donors using anti-CD3 magnetic beads (Miltenyi Biotech), 
stimulated with phytohaemagglutinin (PHA; 2 fig ml" 1 ) for 24 h, and cultured 
in the presence of interIeukin-2 ( 100 U mP 1 ) for 5 days. The cells were plated in 
wells coated with anti-CD3 antibody (Pharmingen) and analysed for apoptosis 
16 h later. by FACS analysis of annexin-V-binding of CD4* cells". 
Natural killer cell activity. Natural killer cells were isolated from peripheral 
blood of individual donors using anti-CD56 magnetic beads (Miltenyi 
Biotech), and incubated for 16 h with sl Cr-Ioaded Jurkat cells at an effector- 
to-target ratio of 1:1 in the presence of DcR3-Fc, Fas-Fc or human IgGl. 
Target-cell death was determined by release of 5l Cr in effector- target co- 
cultures relative to release of Sl Cr by detergent lysis of equal numbers of Jurkat 
cells. 

Gene-amplification analysis. Surgical specimens were provided by J. Kern 
(lung tumours) and P. Quirke (colon tumours). Genomic DNA was extracted 
(Qiagen) and the concentration was determined using Hoechst dye 33258 
intercalation fluorometry. Amplification was determined by quantitative PCR 11 
using a TaqMan instrument (ABI). The method was validated by comparison of 
PCR and Southern hybridization data for the Myc and HER- 2 oncogenes (data 
not shown). Gene-specific primers and fluorogenic probes were designed on 
the basis of the sequence of DcR3 or of nearby regions identified on a BAC 
carrying the human DcR3 gene; alternatively, primers and probes were based 
on Stanford Human Genome Center marker AFM218xe7 (T160), which is 
linked to DcR3 (likelihood score = 5.4), SHGC-36268 (T159), the nearest 
available marker which maps to -500 kilobases .from T160, and five extra 
markers that span chromosome 20. The DcR3-specific primer sequences were 
5'-CTTCTTCGCGCACGCTG-3' and 5'-ATCACGCCGGCACCAG-3' and the 
fluorogenic probe sequence was 5 ' - ( FAM -ACACG ATGCGTGCTCCAAGCAG 
AAp-(TAMARA), where FAM is 5' -fluorescein phosphoramidite. Relative 
gene-copy numbers were derived using the formula 2 (ACT> , where ACT is the 
difference in amplification cycles required to detect DcR3 in peripheral blood 
lymphocyte DNA compared to test DNA. 
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ABC transporters (also known as traffic ATPases) form a large 
family of proteins responsible for the translocation of a variety 
of compounds across membranes of both prokaryotes and 
eukaryotes 1 . The recently completed Escherichia coli genome 
sequence revealed that the largest family of paralogous £. coli 
proteins is composed of ABC transporters 2 . Many eukaryotic 
proteins of medical significance belong to this family, such as 
the cystic fibrosis transmembrane conductance regulator (CFTR), 
the P-glycoprotein (or multidrug-resistance protein) and the 
heterodimeric transporter associated i with antigen processing 
(Tapl-Tap2). Here we report the crystal structure at 1.5 A resolu- 
tion of HisP, the ATP-binding subunit of the histidine permease, 
which is an ABC transporter from Salmonella typhimurium. We 
correlate the details of this structure with the biochemical, genetic 
and biophysical properties of the wild-type and several mutant 
HisP proteins. The structure provides a basis for understanding 
properties of ABC transporters and of defective CFTR proteins. 

ABC transporters contain four structural domains: two nucleo- 
tide-binding domains (NBDs), which are highly conserved 
throughout the family, and two transmembrane domains 1 . In 
prokaryotes these domains are often separate subunits which are 
assembled into a membrane -bound complex; in eukaryotes the 
domains are generally fused into a single polypeptide chain. The 
periplasmic histidine permease ofS. typhimurium and E. coli lJ ~* is a 
well-characterized ABC transporter that is a good model for this 
superfamily. It consists of a membrane-bound complex, HisQMP 2 , 
which comprises integral membrane subunits, HisQ and HisM, and 
two copies of HisP, the ATP-binding subunit HisP, which has 
properties intermediate between those of integral and peripheral 
membrane proteins 9 , is accessible from both sides of the membrane, 
presumably by its interaction with HisQ and HisM 6 . The two HisP 
subunits form a dimer, as shown by their cooperativity in ATP 
hydrolysis 5 , the requirement for both subunits to be present for 
activity*, and the formation of a HisP dimer upon chemical cross- 
linking. Soluble HisP also forms a dimer 3 . HisP has been purified 
and characterized in an active soluble form 3 which can be recon- 
stituted into a fully active membrane-bound complex 8 . 

The overall shape of the crystal structure of the HisP monomer is 
that of an T with two thick arms (arm I and arm II); the ATP- 
binding pocket is near the end of arm I (Fig. 1). A six-stranded p- 
sheet (p3 and (38-012) spans both arms of the L, with a domain of a 
a- plus p-type structure (01, (32, 04-07, al and ct2) on one side 
(within arm I) and a domain of mostly a-helices (a3-a9) on the 
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Figure 1 Crystal structure of HisP. a, View of the dimer along an axis 
perpendicular to its two-fold axis. The top and bottom of the dimer are suggested 
to face towards the periplasmic and cytoplasmic sides, respectively (see text). 
THe thickness of arm II is about 25 A, comparable to that of membrane. a-Helices 
are shown in orange and B-sheets in green, b, View along the two-fold axis of the 
HisP dimer, showing the relative displacement of the monomers not apparent in 
a. The B-strands at the dimer interface are labelled, c, View of one monomer from 
the bottom. of arm I, as shown in a. towards arm II. showing the ATP-binding 
pocket, a-c, The protein and the bound ATP are in 'ribbon' and 'ball-and-stick' 
representations, respectively. Key residues discussed in the text are indicated in 
c. These figures were prepared with MOISCRIPT 29 . N, amino terminus; C, C 
terminus. 
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Gene amplification is a common event in the progression of 
human cancers, and amplified oncogenes have been shown to 
have diagnostic, prognostic and therapeutic relevance. A 
kinetic quantitative polymerase-chain-reaction (PCR) method, 
based on fluorescent TaqMan methodology and a new instru- 
ment (ABI Prism 7700 Sequence Detection System) capable 
of measuring fluorescence in real-time, was used to quantify 
gene amplification in tumor DNA. Reactions are character- 
ized by the point during cycling when PCR amplification is stilt 
in the exponential phase, rather than the amount of PCR 
product accumulated after a fixed number of cycles. None of 
the reaction components is limited during the exponential 
phase, meaning that values are highly reproducible in reac- 
tions starting with the same copy number. This greatly 
improves the precision of DNA quantification. Moreover, 
real-time PCR does not require ppst-PCR sample handling, 
thereby preventing potential PCR-product carry-over con- 
tamination; it possesses a wide dynamic range of quantifica- 
tion and results in much faster and higher sample throughput. 
The real-time PCR method, was used to develop and validate 
a simple and rapid assay for the detection and quantification 
of the 3 most frequently amplified genes (myc, ccndl and 
erbB2) in breast tumors. Extra copies of myc, ccndl and erbB2 
were observed in 10, 23 and 15%, respectively, of 108 breast- 
tumor DNA; the largest observed numbers of gene copies 
were 4.6, 18.6 and 15.1, respectively. These results correlated 
well with those of Southern blotting. The use of this new 
semi-automated technique will make molecular analysis of 
human cancers simpler and more reliable, and should find 
broad applications in clinical and research settings. Int J. 
Cancer 78:661 -666, 1 998. 
© 1998 Wiley-Liss, Inc. 

Gene amplification plays an important role in the pathogenesis 
of various solid tumors, including breast cancer, probably because 
over-expression of the amplified target genes confers a selective 
advantage. The first technique used to detect genomic amplification 
was cytogenetic analysis. Amplification of several chromosome 
regions, visualized either as extrachromosomal double minutes 
(dmins) or as integrated homogeneously staining regions (HSRs), 
are among the main visible cytogenetic abnormalities in breast 
tumors. Other techniques such as comparative genomic hybridiza- 
tion (CGH) (Kallioniemi et aL. 1994) have also been used in broad 
searches for regions of increased DNA copy numbers in tumor 
cells, and have revealed some 20 amplified chromosome regions in 
breast tumors. Positional cloning efforts are underway to identify 
the critical gene(s) in each amplified region. To date, genes known 
to be amplified frequently in breast cancers include myc (8q24), 
ccnd\ (1 lq 13), and erbB2 (1 7ql2-q21) (for review, seeBiecheand 
Lidereau, 1995). 

Amplification of the myc, ccndl, and erbB2 proto-oncogenes 
should have clinical relevance in breast cancer, since independent 
studies have shown that these alterations can be used to identify 
sub-populations with a worse prognosis (Berns et aL, 1992; 
Schuuring et aL, 1992; Samon et aL, 1987). Muss et aL (1994) 
suggested that these gene alterations may also be useful for the 
prediction and assessment of the efficacy of adjuvant chemotherapy 
and hormone therapy. . 

However, published results diverge both in terms of the fre- 
quency of these alterations and their clinical value. For instance, 
over 500 studies in 10 years have failed to resolve the controversy 



surrounding the link suggested by Slamon et al. (1987) between 
erb&2 amplification and disease progression. These discrepancies 
are partly due to the clinical, histological and ethnic heterogeneity 
of breast cancer, but technical considerations are also probably 
involved. 

Specific genes (DNA) were initially quantified in tumor cells by 
means of blotting procedures such as Southern and slot blotting. 
These batch techniques require large amounts of DNA (5-10 
fig/reaction) to yield reliable quantitative results. Furthermore, 
meticulous care is required at all stages of the procedures to 
generate blots of sufficient quality for reliable dosage analysis. 
Recently, PCR has proven to be a powerful tool for quantitative 
DNA analysis, especially with minimal starting quantities of tumor 
samples (small, early-stage tumors and formalin-fixed, paraffin- 
embedded tissues). 

Quantitative PCR can be performed by evaluating the amount of 
product either after a given number of cycles (end-point quantita- 
tive PCR) or after a varying number of cycles during the 
exponential phase (kinetic quantitative PCR). In the first case, an 
internal standard distinct from the target molecule is required to 
ascertain PCR efficiency. The method is relatively easy but implies 
generating, quantifying and storing an internal standard for each 
gene studied. Nevertheless, it is the most frequently applied 
method to date. 

One of the major advantages of the kinetic method is its rapidity 
in quantifying a new gene, since no internal standard is required (an 
external standard curve is sufficient). Moreover, the kinetic method 
has a wide dynamic range (at least 5 orders of magnitude), giving 
an accurate value for samples differing in their copy number. 
Unfortunately, the method is cumbersome and has therefore been 
rarely used. It involves aliquot sampling of each assay mix at 
regular intervals and quantifying, for each aliquot, the amplifica- 
tion product. Interest in the kinetic method has been stimulated by a 
novel approach using fluorescent TaqMan methodology and a new 
instrument (ABI Prism 7700 Sequence Detection System) capable 
of measuring fluorescence in real time (Gibson et aL, 1996; Heid et 
aL, 1996). The TaqMan reaction is based on the 5' nuclease assay 
first described by Holland et aL (1991). The latter uses the 5' 
nuclease activity of Taq polymerase to cleave a specific fluorogenic 
oligonucleotide probe during the extension phase of PCR. The 
approach uses dual-labeled fluorogenic hybridization probes (Lee 
et aL, 1993). One fluorescent dye, co-valently linked to the 5' end 
of the oligonucleotide, serves as a reporter [FAM (i.e., 6-carboxy- 
fluorescein)] and its emission spectrum is quenched by a second 
fluorescent dye, TAMRA (i.e., 6-carboxy-tetramethyl-rhodamine) 
attached to the 3' end. During the extension phase of the PCR 



Grant sponsors: Association Pour la Recherche sur le Cancer and 
Ministerede PEnseignement Superieuret de la Recherche. 



•Correspondence to: Laboratoire de Genetique Moleculaire, Faculte des 
Sciences Pharmaceutiques et Biologiques de Paris, 4 Avenue de 
rObservatoire, F-75006 Paris, France. Fax: (33)1-4407-1754. 
E-mail: mvidaud@teaser.fr 



Received 2 May 1998; Revised 30 June 1998 





BIECHE ETAL. 



662 

cycle, the fluorescent hybridization probe is hydrolyzed by the 
5 '-3' nucleolytic activity of DNA polymerase. Nuclease degrada- 
tion of the probe releases the quenching of FAM fluorescence 
emission, resulting in an increase in peak fluorescence emission. 
The fluorescence signal is normalized by dividing the emission 
intensity of the reporter dye (FAM) by the emission intensity of a 
reference dye (i.e., ROX, 6-carboxy-X-rhodamine) included in 
TaqMan buffer, to obtain a ratio defined as the Rn (normalized 
reporter) for a given reaction tube. The use of a sequence detector 
enables the fluorescence spectra of all 96 wells of the thermal 
cycler to be measured continuously during PCR amplification. 

The real -time PCR method offers several advantages over other 
current quantitative PCR methods (Celi et al, 1994): (i) the 
probe-based homogeneous assay provides a real-time method for 
detecting only specific amplification products, since specific hybri- 
dation of both the primers and the probe is necessary to generate a 
signal; (ii) the Q (threshold cycle) value used for quantification is 
measured when PCR amplification is still in the log phase of PCR 
product accumulation. This is the main reason why C, is a more 
reliable measure of the starting copy number than are end-point 
measurements, in which a slight difference in a limiting component 
can have a drastic effect on the amount of product; (Hi) use of C, 
values gives a wider dynamic range (at least 5 orders of magni- 
tude), reducing the need for serial dilution; (iv) The real-time PCR 
method is run in a closed-tube system and requires no post-PCR 
sample handling, thus avoiding potential contamination; (v) the 
system is highly automated, since the instrument continuously 
measures fluorescence in all 96 wells of the thermal cycler during 
PCR amplification and the corresponding software processes, and 
analyzes the fluorescence data; (vi) the assay is rapid, as results are 
available just one minute after thermal cycling is complete; (vii) the 
sample throughput of the method is high, since 96 reactions can be 
analyzed in 2 hr. 

Here, we applied this semi-automated procedure to determine 
the copy numbers of the 3 most frequently amplified genes in breast 
tumors (myc, ccndl and erbB2), as well as 2 genes (alb and app) 
located in a chromosome region in which no genetic changes have 
been observed in breast tumors. The results for 108 breast tumors 
..were compared with previous Southern-blot data for the same 
samples. 

MATERIAL AND METHODS 

Tumor and blood samples 

Samples were obtained from 1 08 primary breast tumors removed 
surgically from patients at the Centre Rene Huguenin; none of the 
patients had undergone radiotherapy or chemotherapy. Immedi- 
ately after surgery, the rumor samples were placed in liquid 
nitrogen until extraction of high-motecular-weight DNA. Patients 
were included in this study, if the tumor sample used for DNA 
preparation contained more than 60% of tumor cells (histological 
analysis). A blood sample was also taken from 18 of the same 
patients. 

DNA was extracted from tumor tissue and blood leukocytes 
according to standard methods. 

Real-time PCR 

Theoretical basis. Reactions are characterized by the point 
during cycling when amplification of the PCR product is first 
detected, rather than by the amount of PCR product accumulated 
after a fixed number of cycles. The higher the starting copy number 
of the genomic DNA target, the earlier a significant increase in 
fluorescence is observed. The parameter C, (threshold cycle) is 
defined as the fractional cycle number, at which the fluorescence 
generated by cleavage of the probe passes a fixed threshold above 
baseline. The target gene copy number in unknown samples is 
quantified by measuring C t and by using a standard curve to 
determine the starting copy number. The precise amount of 
genomic DNA (based on optical density) and its quality (i.e., lack 



of extensive degradation) are both difficult to assess. We therefore 
also quantified a control gene (alb) mapping to chromosome region 
4qll-ql3. in which no genetic alterations have been found in 
breast-tumor DNA by means of CGH (Kallioniemi et al., 1 994). 

Thus, the ratio of the copy number of the target gene to the copy 
number of the alb gene normalizes the amount and quality of 
genomic DNA. The ratio defining the level of amplification is 
termed "N*\ and is determined as follows: 

copy number of target gene (app, myc, ccndl, erbB2) 

N — ■ — - — - ■ . 

copy number of reference gene (alb) 

Primers, probes, reference human genomic DNA and PCR 
consumables. Primers and probes were chosen with the assistance 
of the computer programs Oligo 4.0 (National Biosciences, Ply- 
mouth, MN), EuGene (Daniben Systems, Cincinnati, OH) and Primer 
Express (Perkin-Elmer Applied Biosystems, Foster City, CA). 

Primers were purchased from DNAgency (Malvern, PA) and 
probes from Perkin-Elmer Applied Biosystems. 

Nucleotide sequences for the oligonucleotide hybridization 
probes and primers are available on request. 

The TaqMan PCR Core reagent kit, MicroAmp optical tubes, 
and MicroAmp caps were from Perkin-Elmer Applied Biosystems. 

Standard-curve construction. The kinetic method requires a 
standard curve. The latter was constructed with serial dilutions of 
specific PCR products, according to Piatak et al. (1993). In 
practice, each specific PCR product was obtained by amplifying 20 
rig of a standard human genomic DNA (Boehringer, Mannheim, 
Germany) with the same primer pairs as those used later for 
real-time quantitative PCR. The 5 PCR products were purified 
using MicroSpin S-400 HR columns (Pharmacia, Uppsala, Swe- 
den) electrophorezed through an aery lam ide gel and stained with 
ethidium bromide to check their quality. The PCR products were 
then quantified spectrophotometrically and pooled, and serially 
diluted 10-fold in mouse genomic DNA (Clontech, Palo Alto, CA) 
at a constant concentration of 2 ng/ul. The standard curve used for 
real -time quantitative PCR was based on serial dilutions of the pool 
of PCR products ranging from 10~ 7 (10 5 copies of each gene) to 
10" 10 (10 2 copies). This series of diluted PCR products was 
aliquoted and stored at - 80°C until use. 

The standard curve was validated by analyzing 2 known 
quantities of calibrator human genomic DNA (20 ng and 50 rig). 

PCR amplification. Amplification mixes (50 u.1) contained the 
sample DNA (around 20 ng, around 6600 copies of disomic genes), 
10X TaqMan buffer (5 ul), 200 uM dATP, dCTP, dGTP, and 400 
uM dUTP, 5 mM MgCl 2 , 1.25 units of AmpliTaq Gold, 0.5 units of 
AmpErase uracil N-glycosyiase (UNG), 200 nM each primer and 
100 nM probe. The thermal cycling conditions comprised 2 min at 
50°C and 10 min at 95°C. Thermal cycling consisted of 40 cycles at 
95°C for 15 s and 65°C for I min. Each assay included: a standard 
curve (from 10 5 to 10 2 copies) in duplicate, a no-template control, 
20 ng and 50 ng of calibrator human genomic DNA (Boehringer) in 
triplicate, and about 20 ng of unknown genomic DNA in triplicate 
(26 samples can thus be analyzed on a 96-well microplate). All 
samples with a coefficient of variation (CV) higher than 10% were 
retested. 

All reactions were performed in the ABI Prism 7700 Sequence 
Detection System (Perkin-Elmer Applied Biosystems), which 
detects the signal from the fluorogenic probe during PCR. 

Equipment for real-time detection. The 7700 system has a 
built-in thermal cycler and a laser directed via fiber optical cables 
to each of the 96 sample wells. A charge-coupled-device (CDD) 
camera collects the emission from each sample and the data are 
analyzed automatically. The software accompanying the 7700 
system calculates Q and determines the starting copy number in the 
samples. 
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Determination of gene amplification. Gene amplification was 
calculated as described above. Only samples with an N value 
higher than 2 were considered to be amplified. 

RESULTS 

To validate the method, real-time PCR was performed on 
genomic DNA extracted from 108 primary breast tumors, and 18 
normal leukocyte DNA samples from some of the same patients. 
The target genes were the myc, ccndl and erbB2 proto-oncogenes, 
and the p-amyloid precursor protein gene (app), which maps to a 
chromosome region (2 1 q2 1 .2) in which no genetic alterations have 
been found in breast tumors (Kallioniemi et ai, 1994). The 
reference disomic gene was the albumin gene (alb, chromosome 
4qll-ql3). 



Validation of the standard curve and dynamic range 
of real-time PCR 

The standard curve was constructed from PCR products serially 
diluted in genomic mouse DNA at a constant concentration of 
2 ng/ul. It should be noted that the 5 primer pairs chosen to analyze 
the 5 target genes do not amplify genomic mouse DNA (data not 
shown). Figure 1 shows the real-time PCR standard curve for the 
alb gene. The dynamic range was wide (at least 4 orders of 
magnitude), with samples containing as few as 10 2 copies or as 
many as 10 s copies. 

Copy-number ratio of the 2 reference genes fapp and albj 

The app to alb copy-number ratio was determined in 18 normal 
leukocyte DNA samples and all 108 primary breast-tumor DNA 
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Figure 1 - Albumin (alb) gene dosage by real-time PCR. Top: Amplification plots for reactions with starting alb gene copy number ranging 
from 10 5 (A9), 10 4 (A7), JO* (A4) to 10 2 (A2) and a no-template control (Al). Cycle number is plotted vs. change in normalized reporter signal 
(ARn). For each reaction tube, the fluorescence signal of the reporter dye (FAM) is divided by the fluorescence signal of the passive reference dye 
(ROX), to obtain a ratio defined as the normalized reporter signal (Rn). ARn represents the normalized reporter signal (Rn) minus the baseline 
signal established in the first 15 PCR cycles. ARn increases during PCR as alb PCR product copy number increases until the reaction reaches a 
plateau. C, (threshold cycle) represents the fractional cycle number at which a significant increase in Rn above a baseline signal (horizontal black 
line) can first be detected. Two replicate plots were performed for each standard sample, but the data for only one are shown here. Bottom: 
Standard curve plotting log starting copy number vs. C, (threshold cycle). The black dots represent the data for standard samples plotted in 
duplicate and the red dots the data for unknown genomic DNA samples plotted in triplicate. The standard curve shows 4 orders of linear dynamic 
range. 
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samples- We selected these 2 genes because they are located in 2 
chromosome regions (app. 21q2l.2; alb, 4qll-ql3) in which no 
obvious genetic changes (including gains or losses) have been 
observed in breast cancers (Kailioniemi et ai, 1994). The ratio for 
the 18 normal leukocyte DNA samples fell between 0.7 and 1.3 
(mean 1.02 ± 0.21), and was similar for the 108 primary breast- 
tumor DNA samples (0.6 to 1.6, mean 1.06 ± 0.25), confirming 
that alb and app are appropriate reference disomic genes for 
breast-tumor DNA. The low range of the ratios also confirmed that 
the nucleotide sequences chosen for the primers and probes were 
not polymorphic, as mismatches of their primers or probes with the 
subject's DNA would have resulted in differential amplification. 

myc, ccndl and erb52 gene dose in normal leukocyte DNA 

To determine the cut-off point for gene amplification in breast- 
cancer tissue, 18 normal leukocyte DNA samples were tested for 
the gene dose (N), calculated as described in "Material and 
Methods". The N value of these samples ranged from 0.5 to 1.3 
(mean 0.84 ± 0.22) for myc, 0.7 to 1.6 (mean 1.06 ± 0.23) for 
ccndl and 0.6 to 1.3 (mean 0.91 ± 0. 19) for erbB2. Since N values 
for myc, ccndl and erbB2 in normal leukocyte DNA consistently 
fell between 0.5 and 1.6, values of 2 or more were considered to 
represent gene amplification in tumor DNA. 

myc, ccndl and trbB2 gene dose in breast-tumor DNA 

myc, ccndl and erbB2 gene copy numbers in the 108 primary 
breast tumors are reported in Table I. Extra copies of ccndl were 
more frequent (23%, 25/108) than extra copies of erbBl (15%, 
16/108) and myc (10%, 11/108), and ranged from 2 to 18.6 for 
ccndl. 2 to 15.1 for erbB2, and only 2 to 4.6 for the myc gene. 
Figure 2 and Table II represent tumors in which the ccndl gene was 
amplified 16-fold (T145), 6-fold (T133) and non-amplified (T118). 
The 3 genes were never found to be co-amplified in the same tumor. 
erbB2 and ccndl were co-amplified in only 3 cases, myc and ccndl 
in 2 cases and myc and erbB2 in 1 case. This favors the hypothesis 
that gene amplifications are independent events in breast cancer. 
Interestingly, 5 tumors showed a decrease of at least 50% in the 
erbB2 copy number (N < 0.5), suggesting that they bore deletions 
of the 1 7q2 1 region (the site of erbB2). No such decrease in copy 
number was observed with the other 2 proto-oncogenes. 

. Comparison of gene dose determined by real-time quantitative 
PCR and Southern-blot analysis 

Southern-blot analysis of wye, ccndl and erbB2 amplifications 
had previously been done on the same 1 08 primary breast tumors. A 
perfect correlation between the results of real-time PCR and 
Southern blot was obtained for tumors with high copy numbers 
(N ^ 5). However, there were cases (1 myc, 6 ccndl and 4 erbBl) 
in which real-time PCR showed gene amplification whereas 
Southern-blot did not, but these were mainly cases with low extra 
copy numbers (N from 2 to 2.9). 

DISCUSSION 

The clinical applications of gene amplification assays are 
currently limited, but would certainly increase if a simple, standard- 
ized and rapid method were perfected. Gene amplification status 
has been studied mainly by means of Southern blotting, but this 
method is not sensitive enough to detect low-level gene amplifica- 
tion nor accurate enough to quantify the full range of amplification 
values. Southern blotting is also iime-consuming, uses radioactive 



TABLE I - DISTRIBUTION OF AMPLIFICATION LEVEL (N) FOR myc. 
ccndl AND crbhl GENES IN !08 HUMAN BREAST TUMORS 



Gene 




Amplification level (N) 




<0.5 


0.5-1.9 2-4.9 


2:5 


myc 


0 


97(89.8%) 11 (10.2%) 


0 


ccndl 


0 


83 (76.9%) 17(15.7%) 


8 (7.4%) 


erbBl 


5 (4.6%) 


87 (80.6%) 8 (7.4%) 


8 (7.4%) 



reagents and requires relatively large amounts of high-quality 
genomic DNA, which means it cannot be used routinely in many 
laboratories. An amplification step is therefore required to deter- 
mine the copy number of a given target gene from minimal 
quantities of tumor DNA (small early-stage tumors, cytopuncture 
specimens or formalin-fixed, paraffin-embedded tissues). 

In this study, we validated a PCR method developed for the 
quantification of gene over-representation in rumors. The method, 
based on real-time analysis of PCR amplification, has several 
advantages over other PCR-based quantitative assays such as 
competitive quantitative PCR (Celi et ai, 1 994). First, the real-time 
PCR method is performed in a closed-tube system, avoiding the 
risk of contamination by amplified products. Re-amplification of 
carryover PCR products in subsequent experiments can also be 
prevented by using the enzyme uracil N-glycosylase (UNG) 
(Longo et ai, 1990). The second advantage is the simplicity and 
rapidity of sample analysis, since no posl-PCR manipulations are 
required. Our results show that the automated method is reliable. 
We found it possible to determine, in triplicate, the number of 
copies of a target gene in more than 1 00 tumors per day. Third, the 
system has a linear dynamic range of at least 4 orders of magnitude, 
meaning that samples do not have to contain equal starting amounts 
of DNA. This technique should therefore be suitable for analyzing 
formalin-fixed, paraffin-embedded tissues. Fourth, and above all, 
real-time PCR makes DNA quantification much more precise and 
reproducible, since it is based on C, values rather than end-point 
measurement of the amount of accumulated PCR product. Indeed, 
the ABI Prism 7700 Sequence Detection System enables Q to be 
calculated when PCR amplification is still in the exponential phase 
and when none of the reaction components is rate-limiting. The 
within-run CV of the C t value for calibrator human DNA (5 
replicates) was always below 5%, and the between-assay precision 
in 5 different runs was always below 10% (data not shown). In 
addition, the use of a standard curve is not absolutely necessary, 
since the copy number can be determined simply by comparing the 
Q ratio of the target gene with that of reference genes. The results 
obtained by the 2 methods (with and without a standard curve) are 
similar in our experiments (data not shown). Moreover, unlike 
competitive quantitative PCR, real-time PCR does not require an 
internal control (the design and storage of internal controls and the 
validation of their amplification efficiency is laborious). 

The only potential disavantage of real-time PCR, like all other 
PCR-based methods and solid-matrix blotting techniques (South- 
ern blots and dot blots) is that is cannot avoid dilution artifacts 
inherent in the extraction of DNA from tumor cells contained in 
heterogeneous tissue specimens. Only FISH and immunohistochem- 
istry can measure alterations on a cell-by-cell basis (Pauletti et ai, 
1996; Slamon et ai, 1989). However, FISH requires expensive 
equipment and trained personnel and is also time-consuming. 
Moreover, FISH does not assess gene expression and therefore 
cannot detect cases in which the gene product is over-expressed in 
the absence of gene amplification, which will be possible in the 
future by real-time quantitative RT-PCR. Immunohistochemistry is 
subject to considerable variations in the hands of different teams, 
owing to alterations of target proteins during the procedure, the 
different primary antibodies and fixation methods used and the 
criteria used to define positive staining. 

The results of this study are in agreement with those reported in 
the literature, (f) Chromosome regions 4qll-ql3 and 21q21.2 
(which bear alb and app, respectively) showed no genetic alter- 
ations in the breast-cancer samples studied here, in keeping with 
the results of CGH (Kailioniemi et ai, 1994). (zi) We found that 
amplifications of these 3 oncogenes were independent events, as 
reported by other teams (Berns et ai, 1992; Borg et ai, 1992). (Hi) 
The frequency and degree of myc amplification in our breast tumor 
DNA series were lower than those of ccndl and erbBl amplifica- 
tion, confirming the findings of Borg et ai (1 992) and Courjal et ai 
(1997). (iv) The maxima of ccndl and erbB2 over-representation 
were 1 8-fold and 15-fold, also in keeping with earlier results (about 
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ALB 

C t Copy number 

26.5 4365 
25.2 10092 

25.6 7762 

Figure 2 - ccndJ and alb gene dosage by real-time PCR in 3 breast tumor samples: TU8 (El 2, C6, black squares), Tl 33 (Gl I, B4, red squares) 
and T145 (A8, C8, blue squares). Given the C t of each sample, the initial copy number is inferred from the standard curve obtained during the same 
experiment. Triplicate plots were performed for each tumor sample, but the data for only one are shown here. The results are shown in Table U. 

30-fold maximum) (BemsetaL, 1992; Borg etai, 1992; Courjal et et ai, 1996). Our results also correlate well with those recently 

ai, 1997). (v) The erbB2 copy numbers obtained with real-time published by Gelmini etai (1997), who used the TaqMan system to 

PCR were in good agreement with data obtained with other measure erbhl amplification in a small series of breast tumors 

quantitative PCR-based assays in terms of the frequency and (n = 25), but with an instrument (LS-50B luminescence spectrom- 

degree of amplification (An etai, 1995; Deng etai, 1996; Valeron eter, Perkin-Elmer Applied Biosystems) which only allows end- 
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Tumor C t Copy number 
i T118 27.3 4605 
T133 23.2 61659 
T145 22.1 125892 
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TABLE II - EXAMPLES OF ccndl GENE DOSAGE RESULTS 
. FROM 3 BREAST TUMORS' 



Tumor 




ccndl 






alb 




Uccndl/alb 


Copy 
number 


Mean 


SD 


Copy 
number 


Mean 


SD 


T118 


4525 






4223 










4605 


4603 


77 


4365 


4325 


. 89 


1.06 




4678 






4387 








T133 


59821 






9787 










61659 


61100 


nil 


10092 


10137 


375 


6.03 




61821 






10533 








T145 


128563 






7321 










125892 


125392 


3448 


7762 


7672 


316 


16.34 




121722 






7933 









1 For each sample, 3 replicate experiments were performed and the mean 
and the standard deviation (SD) was determined. The level of ccndl gene 
amplification (Uccndl/alb) is determined by dividing the average ccndl 
copy namber value by the average alb copy number value. 



point measurement of fluorescence intensity. Here we report myc 
and ccndl gene dosage in breast cancer by means of quantitative 
PCR. (vi) We found a high degree of concordance between 
real-time quantitative PCR and Southern blot analysis in terms of 
gene amplification, especially for samples with high copy numbers 
(>5-foIdj. The slightly higher frequency of gene amplification 
(especially ccndl and erbBl) observed by means of real-time 
quantitative PCR as compared with Southem-blot analysis may be 
explained by the higher sensitivity of the former method. However, 
we cannot rule out the possibility that some tumors with a few extra 



gene copies observed in real-time PCR had additional copies of an 
arm or a whole chromosome (trisomy, tetrasomy or polysomy) 
rather than true gene amplification. These 2 types of genetic 
alteration (polysomy and gene amplification) could be easily 
distinguished in the future by using an additional probe located on 
the same chromosome arm, but some distance from the target gene. 
It is noteworthy that high gene copy numbers have the greatest 
prognostic significance in breast carcinoma (Borg et ai, 1992; 
Slamon era/., 1987). 

Finally, this technique can be applied to the detection of gene 
deletion as well as gene amplification. Indeed, we found a 
decreased copy number of erbBl (but not of the other 2 proto- 
oncogenes) in several tumors; erbBl is located in a chromosome 
region (17q21) reported to contain both deletions and amplifica- 
tions in breast cancer (Bieche and Lidereau, 1 995). 

In conclusion, gene amplification in various cancers can be used 
as a marker of pre-neoplasia, also for early diagnosis of cancer, 
staging, prognostication and choice of treatment. Southern blotting 
is not sufficiently sensitive, and FISH is lengthy and complex. 
Real-time quantitative PCR overcomes both these limitations, and 
is a sensitive and accurate method of analyzing large numbers of 
samples in a short time. It should find a place in routine clinical 
gene dosage. 
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34. Oksenberg, D., Havlik, S., Peroutka, S., and Ashkenazi, A. The third intracellular 
loop of the 5-HT2 receptor specifies effector coupling. /. Neurochem. 64, 1440- 
1447.(1995). 

35. Bach, E., Szabo, S., Dighe, A., Ashkenazi. A., Aguet, M., Murphy, K., and 
Schreiber, R. Ligand-induced autoregulation of BFN-y receptor (3 chain expression 
in T helper cell subsets. Science 270, 1215-1218 (1995). 

36. Jin, H., Yang, R, Marsters, S., Ashkenazi, A., Bunting, S., Marra, M., Scott, R, 
and Baker, J. Protection against endotoxic shock by bactericidal/permeability- 
increasing protein in rats. J. Clin. Invest. 95, 1947-1952 (1995). 

37. Marsters, S., Penica, D., Bach, E., Schreiber, R, and Ashkenazi, A. Interferon y 
signals via a high-affinity multisubunit receptor complex that contains two types 
of polypeptide chain. Proc. Natl. Acad. Sci. USA. 92, 5401-5405 (1995). 

38. Van Zee, K., Moldawer, L., Oldenburg, H., Thompson, W., Stackpole, S., 
Montegut, W., Rogy, M., Meschter, C, Gallati, H., Schiller, C, Richter, W., 
Loetcher, H., Ashkenazi, A ., Chamow, S., Wurm, F., Calvano, S., Lowry, S., and 
Lesslauer, W. Protection against lethal E. coli bacteremia in baboons by 
pretreatment with a 55-kDa TNF receptor-Ig fusion protein, Ro45-2081. J. 
Immunol. 156, 2221-2230 (1996). 

39. Pitti, R, Marsters, S., Ruppert, S., Donahue, C, Moore, A., and Ashkenazi, A. 
Induction of apoptosis by Apo-2 Ligand, a new member of the tumor necrosis 
factor cytokine family. J. Biol. Chem. 271, 12687-12690 (1996). 
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40. Marsters, S., Pitti, R, Donahue, C, Rupert, S., Bauer, K., and Ashkenazi, A. 
Activation of apoptosis by Apo-2 ligand is independent of FADD but blocked by 
CrmA. Curr. Biol. 6, 1 669- 1 676 (1 996). 

41. Marsters, S , Skubatch, M., Orav. C. and Ashkenazi. A . Herpesvirus entry 
mediator, a novel member of the tumor necrosis factor receptor family, activates 
theNF-KB and AP-1 transcription factors. J. Biol. Chem. 272, 14029-14032 
(1997). 

42. Sheridan, J., Marsters, S., Pitti, R, Gumey, A., Skubatch, M., Baldwin, D., 
Ramakrishnan, L., Gray, C, Baker, K., Wood, W.I., Goddard, A., Godowski, P., and 
Ashkenazi. A. Control of TRAIL-induced apoptosis by a family of signaling and 
decoy receptors. Science 277, 8 1 8-82 1 ( 1 997). 

43. Marsters, S., Sheridan, J., Pitti, R, Gumey, A., Skubatch, M., Balswin, D., Huang, A., 
Yuan, J., Goddard, A., Godowski, P., and Ashkenazi, A. A novel receptor for 
Apo2L/TRAIL contains a truncated death domain. Curr. Biol. 7, 1003-1006 (1997). 

44. Marsters, A., Sheridan, J., Pitti, R, Brush, J., Goddard, A., and Ashkenazi, A. 
Identification of a ligand for the death-domain-containing receptor Apo3. Curr. Biol. 
8, 525-528 (1998). 

45. Rieger, J., Naumann, U., Glaser, T., Ashkenazi, A ., and Weller, M. Apo2 ligand: 
a novel weapon against malignant glioma? FEBS Lett. 427, 124-128 (1998). 

46. Pender, S., Fell, J., Chamow, S., Ashkenazi, A ., and MacDonald, T. A p55 TNF 
receptor immunoadhesin prevents T cell mediated intestinal injury by inhibiting 
matrix metalloproteinase production. /. Immunol. 160, 4098-4103 (1998). 

47. Pitti, R, Marsters, S., Lawrence, D., Roy, Kischkel, F., M., Dowd, P., Huang, A., 
Donahue, C, Sherwood, S., Baldwin, D., Godowski, P., Wood, W., Gumey, A., - 
Hillan, K., Cohen, R, Goddard, A., Botstein, D., and Ashkenazi. A. Genomic 
amplification of a decoy receptor for Fas ligand in lung and colon cancer. Nature 
396, 699-703 (1998). 

48. Mori, S., Marakami-Mori, K., Nakamura, S., Ashkenazi. A ., and Bonavida, B. 
Sensitization of AIDS Kaposi's sarcoma cells to Apo-2 ligand-induced apoptosis 
by actinomycin D. J. Immunol. 162, 5616-5623 (1999). 

49. Gumey, A. Marsters, S., Huang, A., Pitti, R, Mark, M., Baldwin, D., Gray, A., 
Dowd, P., Brush, J., Heldens, S., Schow, P., Goddard, A., Wood, W., Baker, K., 
Godowski, P ., and Ashkenazi. A. Identification of a new member of the tumor 
necrosis factor family and its receptor, a human ortholog of mouse GITR. Curr . 
Biol. 9, 215-218 (1999). 
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50. Ashkenazi. A ., Pai, R., Fong, s., Leung, S., Lawrence, D., Marsters, S., Blackie, 
G, Chang, L., McMurtrey, A., Hebert, A., DeForge, L., Khoumenis, L, Lewis, D., 
Harris, L., Bussiere, J., Koeppen, H., Shahrokh, Z., and Schwall, R. Safety and 
anti-tumor activity of recombinant soluble Apo2 ligand. J. Clin. Invest. 104, 155- 
162 (1999). 

5 1 . Chuntharapai, A., Grbbs, V., Lu, J., Ow, A., Marsters, S., Ashkenazi, A., De Vos, 
A., Kim, K.J. Determination of residues involved in ligand binding and signal 
transmissiion in the human EFN-a receptor 2. J. Immunol. 163, 766-773 (1999). 

52. Johnsen, A.-C, Haux, J., Steinkjer, B., Nonstad, U., Egeberg, K., Sundan, A., 
Ashkenazi. A. , and Espevik, T. Regulation of Apo2L/TRAIL expression in NK 
cells - involvement in NK cell-mediated cytotoxicity. Cytokine 11, 664-672 
(1999). 

53. Roth, W., Isenmann, S., Naumann, U., Kugler, S., Bahr, M., Dichgans, 
Ashkenazi, A., and Weller, M. Eradication of intracranial human malignant 
glioma xenografts by Apo2L/TRAIL. Biochem. Biophys. Res. Commun. 265, 479- 
483(1999). 

54. Hymowitz, S.G., Christinger, H.W., Fuh, G., Ultsch, M., O'Connell, M., Kelley, 
R.F., Ashkenazi. A. and de Vos, A.M. Triggering Cell Death: The Crystal 
Structure of Apo2L/TRATL in a Complex with Death Receptor 5. Molec. Cell 4, 
563-571 (1999). .... 

55. Hymowitz, S.G., O'Connel, M.P., Utsch, M.H., Hurst, A., Totpal, K., Ashkenazi, 
A, de Vos, A.M., Kelley, R.F. A unique zinc-binding site revealed by a high- 
resolution X-ray structure of homotrimeric Apo2L/TRAIL. Biochemistry 39, 633- 
640 (2000). 

56. Zhou, Q., Fukushima, P., DeGraff, W., Mitchell, J.B., Stetler-Stevenson, M., 
Ashkenazi. A. , and Steeg, P.S. Radiation and the Apo2L/TRAJX apoptotic 
pathway preferentially inhibit the colonization of premalignant human breast - 
cancer cells overexpressing cyclin D 1 . Cancer Res. 60, 2611-2615 (2000). 

57. Kischkel, F.C., Lawrence, D. A., Chuntharapai, A., Schow, P., Kim, J., and 
Ashkenazi. A. Apo2L/TRAIL-dependent recruitment of endogenous FADD and 
Caspase-8 to death receptors 4 and 5. Immunity 12, 61 1-620 (2000). 

58. Yan, M., Marsters, S.A., Grewal, IS., Wang, H., * Ashkenazi. A. , and *Dixit, 
V.M. Identification of a receptor for BlyS demonstrates a crucial role in humoral 
immunity. Nature Immunol. 1, 37-41 (2000). 
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59. Marsters, S.A., Yan, M., Pitti, R.M., Haas, P.E., Dixit, V.M., and Ashkenazi, A. 
Interaction of the TNF homologues BLyS and APRIL with the TNF receptor 
homologues BCMA and TACI. Curr. Biol. 10, 785-788 (2000). 

60. Kischkel, F.C., and Ashkenazi. A . Combining enhanced metabolic labeling with 
immunoblotting to detect interactions of endogenous cellular proteins. 
Biotechniques 29, 506-5 12 (2000). 

61 . Lawrence, D., Shahrokh, Z., Marsters, S., Achilles, K., Shih, D. Mounho, B., 
Hillan, K., Totpal, K. DeForge, L., Schow, P., Hooley, J., Sherwood, S., Pai, R., 
Leung, S., Khan, L., Gliniak, B., Bussiere, J., Smith, C, Strom, S., Kelley, S., 
Fox, J., Thomas, D., and Ashkenazi. A. Differential hepatocyte toxicity of 
recombinant Apo2L/TRAIL versions. Nature Med. 7, 383-385 (2001). 

62. Chuntharapai, A., Dodge, K., Grimmer, K., Schroeder, K., Martsters, S.A., 
Koeppen, H., Ashkenazi. A . and Kim, K.J. Isotype-dependent inhibition of 
tumor growth in vivo by monoclonal antibodies to death receptor 4. J. Immunol. 
166, 4891-4898 (2001). 

63. Pollack, I.F., Erff, M., and Ashkenazi, A . Direct stimulation of apoptotic 
signaling by soluble Apo2L/tumor necrosis factor-related apoptosis-inducing 
ligand leads to selective killing of glioma cells. Clin. Cancer Res. 7, 1362-1369 
(2001). 

64. Wang, H., Marsters, S.A., Baker, T., Chan, B., Lee, W.P., Fu, L., Tumas, D., Yan, 
M., Dixit, V.M., * Ashkenazi. A ., and *Grewal, I.S. TACI-ligand interactions are 
required for T cell activation and collagen-induced arthritis in mice. Nature 
Immunol. 2, 632-637 (2001). 

65. Kischkel, F.C., Lawrence, D. A., Tinel, A., Virmani, A., Schow, P., Gazdar, A., 
Blenis, J., Amott, D., and Ashkenazi. A . Death receptor recruitment of 
endogenous caspase-10 and apoptosis initiation in the absence of caspase-8. J. 
Biol. Chem. 276, 46639-46646 (2001). 

66. LeBlanc, H., Lawrence, DA., Varfolomeev, E., Totpal, K., Morlan, J., Schow, P., 
Fong, S., Schwall, R, Sinicropi, D., and Ashkenazi. A Tumor cell resistance to 
death receptor induced apoptosis through mutational inactivation of the 
proapoptotitc Bcl-2 homolog Bax. Nature Med. 8, 274-28 1 (2002). 

67. Miller, K., Meng, G, Liu, J., Hurst, A., Hsei, V., Wong, W-L., Ekert, R, 
Lawrence, D., Sherwood, S., DeForge, L., Gaudreault., Keller, G, Sliwkowski, 
M., Ashkenazi. A ., and Presta, L. Design, Construction, and analyses of 
multivalent antibodies. J. Immunol. 170, 4854-4861 (2003). 
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68. Varfolomeev, E., Kischkel, F., Martin, F., Wanh, H., Lawrence, D., Olsson, C, 
Tom, L., Erickson, S., French, D., Schow, P., Grewal, I. and Ashkenazi, A. 
Immune system development in APRIL knockout mice. Submitted. 

Review articles: 

1 . Ashkenazi. A., Peralta, E., Winslow, J., Ramachandran, J., and Capon, D., J. 
Functional role of muscarinic acetylcholine receptor subtype diversity. Cold 
Spring Harbor Symposium on Quantitative Biology. LIII, 263-272 (1988). 

2. Ashkenazi. A ., Peralta, E., Winslow, J., Ramachandran, J., and Capon, D. 
Functional diversity of muscarinic receptor subtypes in cellular signal 
transduction and growth. Trends Pharmacol. Sci. Dec Supplement, 12-21 (1989). 

3. Chamow, S., Duliege, A., Ammann, A., Kahn, J., Allen, D., Eichberg, J., Bym, 
R, Capon, D., Ward, R., and Ashkenazi, A . CD4 immunoadhesins in anti-FOV 
therapy: new developments. Int. J. Cancer Supplement 7, 69-72 (1992). 

4. Ashkenazi. A ., Capon, and D. Ward, R. Immunoadhesins. Int. Rev. Immunol. 10, 
217-225 (1993). 

5. Ashkenazi. A ., and Peralta, E. Muscarinic Receptors. In Handbook of Receptors 
and Channels. (S. Peroutka, ed.), CRC Press, Boca Raton, Vol. I, p. 1-27, (1994). 

6. Krantz, S. B., Means, R. T., Jr., Lina, J., Marsters, S. A., and Ashkenazi, A. 
Inhibition of erythroid colony formation in vitro by gamma interferon. In 
Molecular Biology of Hematopoiesis (N. Abraham, R. Shadduck, A. Levine F. 
Takaku, eds.) Intercept Ltd. Paris, Vol. 3, p. 135-147 (1994). 

7. Ashkenazi. A . Cytokine neutralization as a potential therapeutic approach for 
SIRS and shock. J. Biotechnology in Healthcare 1, 197-206 (1994). 

8. Ashkenazi. A ., and Chamow, S. M. Immunoadhesins: an alternative to human 
monoclonal antibodies. Immunomethods: A companion to Methods in 
Enzimology 8, 104-1 15 (1995). 

9. Chamow, S., and Ashkenazi. A . Immunoadhesins: Principles and Applications. 
Trends Biotech. 14, 52-60 (1996). 

10. Ashkenazi, A ., and Chamow, S. M. Immunoadhesins as research tools and 
therapeutic agents. Curr. Opin. Immunol. 9, 195-200 (1997). 

1 1 . Ashkenazi. A ., and Dixit, V. Death receptors: signaling and modulation. Science 
281, 1305-1308 (1998). 

12. Ashkenazi. A ., and Dixit, V. Apoptosis control by death and decoy receptors. 
Curr. Opin. Cell. Biol. 11, 255-260 (1999). 
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1 3 . Ashkenazi, A . Chapters on Apo2L/TRAIL; DR4, DR5 , DcRl , DcR2; and DcR3 . 
Online Cytokine Handbook (www.apnet.com/cvtokinereference/ ). 

14. Ashkenazi, A . Targeting death and decoy receptors of the tumor necrosis factor 
superfamily. Nature Rev. Cancer 2, 420-430 (2002). 

1 5 . LeBlane, H. and Ashkenazi, A . Apoptosis signaling by Apo2L/TRAIL. Cell Death 
■ and Differentiation 10, 66-75 (2003). 

16. Almasan, A. and Ashkenazi. A . Apo2L/TRAIL: apoptosis signaling, biology, and 
potential for cancer therapy. Cytokine and Growth Factor Reviews 14, 337-348 
(2003). 

Book: 

Antibody Fusion Proteins (Chamow, S., and Ashkenazi. A ., eds., John Wiley and 
Sons Inc.) (1999). 

Talks: 

1 . Resistance of primary HIV isolates to CD4 is independent of CD4-gp 1 20 binding 
affinity. UCSD Symposium, HIV Disease: Pathogenesis and Therapy. 
Greenelefe, FL, March 1991. 

2. Use of immuno-hybrids to extend the half-life of receptors. IBC conference on 
Biopharmaceutical Halflife Extension. New Orleans, LA, June 1992. 

3 . Results with TNF receptor Immunoadhesins for the Treatment of Sepsis. IBC 
conference on Endotoxemia and Sepsis. Philadelphia, PA, June 1992. 

4. Immunoadhesins: an alternative to human antibodies. IBC conference on 
Antibody Engineering. San Diego, CA, December 1993. 

5. Tumor necrosis factor receptor: a potential therapeutic for human septic shock. 
American Society for Microbiology Meeting, Atlanta, GA, May 1993. 

6. Protective efficiacy of TNF receptor immunoadhesin vs anti-TNF monoclonal 
antibody in a rat model for endotoxic shock. 5th International Congress on TNF. 
Asilomar, CA, May 1994. . 

7. Interferon-y signals via a multisubunit receptor complex that contains two types of 
polypeptide chain. American Association of Immunologists Conference. San 
Franciso, CA, July 1995. 

8. Immunoadhesins: Principles and Applications. Gordon Research Conference on 
Drug Delivery in Biology and Medicine. Ventura, CA, February 1996. 
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9 . Apo-2 Ligand, a new member of the TNF family that induces apoptosis in tumor 
cells. Cambridge Symposium on TNF and Related Cytokines in Treatment of 
Cancer. Hilton-Head, NC, March 1996. 

1 0. Induction of apoptosis by Apo2 Ligand. American Society for Biochemistry and 
Molecular Biology, Symposium on Growth Factors and Cytokine Receptors. New 

Orleans, LA, June, 1996. 

1 1 . Apo2 ligand, an extracellular trigger of apoptosis. 2nd Clontech Symposium, 

Palo Alto, CA, October 1996. 

12. Regulation of apoptosis by members of the TNF ligand and receptor families. 
Stanford University School of Medicine, Palo Alto, C A, December 1996. 

13. Apo-3: anovel receptor that regulates cell death and inflammation. 4th 
International Congress on Immune Consequences of Trauma, Shock, and Sepsis. 
Munich, Germany, March 1997. 

1 4. New members of the TNF ligand and receptor families that regulate apoptosis, 
inflammation, and immunity. UCLA School of Medicine, LA, CA, March 1997. 

15. Immunoadhesins: an alternative to monoclonal antibodies. 5th World Conference 
on Bispecific Antibodies. Volendam, Holland, June 1997. 

1 6. Control of Apo2L signaling. Cold Spring Harbor Laboratory Symposium on 
Programmed Cell Death. Cold Spring Harbor, New York. September, 1997. 

17. Chairman and speaker, Apoptosis Signaling session. EC's 4th Annual 

Conference on Apoptosis. San Diego, CA., October 1997. 

18. Control of Apo2L signaling by death and decoy receptors. American Association 
for the Advancement of Science. Philadelphia, PA, February 1998. 

19. Apo2 ligand and its receptors. American Society of Immunologists. San 
Francisco, C A, April 1998. 

20. Death receptors and ligands. 7th International TNF Congress. Cape Cod, MA, 

May 1998. 

21 . Apo2L as a potential therapeutic for cancer. UCLA School of Medicine. LA, 
CA, June 1998. 

22. Apo2L as a potential therapeutic for cancer. Gordon Research Conference on 
Cancer Chemotherapy. New London, NH, July 1998. 

23 . Control of apoptosis by Apo2L. Endocrine Society Conference, Stevenson, WA, 
- August 1998. 

24. Control of apoptosis by Apo2L. International Cytokine Society Conference, 
Jerusalem, Israel, October 1998. 
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25. Apoptosis control by death and decoy receptors. American Association for 
Cancer Research Conference, Whistler, BC, Canada, March 1999. 

26. Apoptosis control by death and decoy receptors. American Society for 
Biochemistry and Molecular Biology Conference, San Francisco, CA, May 1999. 

27. Apoptosis control by death and decoy receptors. Gordon Research Conference on 
Apoptosis, New London, NH, June 1 999 . 

28. Apoptosis control by death and decoy receptors. Arthritis Foundation Research 
Conference, Alexandria GA, Aug 1999. 

29. Safety and anti-tumor activity of recombinant soluble Apo2L/TRAJJL Cold 
Spring Harbor Laboratory Symposium on Programmed Cell Death. . Cold Spring 
Harbor, NY, September 1999. 

30. The Apo2L/TRAJJL system: therapeutic potential. American Association for 
Cancer Research, Lake Tahoe, NV, Feb 2000. 

3 1 . Apoptosis and cancer therapy. Stanford University School of Medicine, Stanford, 
CA, Mar 2000. - 

32. Apoptosis and cancer therapy. University of Pennsylvania School of Medicine, 
Philadelphia, PA, Apr 2000. 

33. Apoptosis signaling by Apo2L/TRAJL. International Congress on TNF. 
Trondheim, Norway, May 2000. 

34. The Apo2L/TRAJL system: therapeutic potential. Cap-CURE summit meeting. 
Santa Monica, CA, June 2000. 

35. The Apo2L/TRAIL system: therapeutic potential. MD Anderson Cancer Center. 
Houston, TX, June 2000. 

36. Apoptosis signaling by Apo2L/TRAJX. The Protein Society, 14 th Symposium. 
San Diego, CA, August 2000. 

37. Anti-tumor activity of Apo2L/TRAJL. AAPS annual meeting. Indianapolis, IN 

Aug 2000. ' 

38. Apoptosis signaling and anti-cancer potential of Apo2L/TRAIL. Cancer Research 
Institute, UC San Francisco, CA, September 2000. 

39. Apoptosis signaling by Apo2L/TRAJX. Kenote address, TNF family 
Minisymposium, NIH. Bethesda, MD, September 2000. 

40. Death receptors: signaling and modulation. Keystone symposium on the 
Molecular basis of cancer. Taos, NM, Jan 2001. 

4 1 . Preclinical studies of Apo2L/TRAIL in cancer. Symposium on Targeted therapies 
in the treatment of lung cancer. Aspen, CO, Jan 2001. 
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42. Apoptosis signaling by Apo2L/TRAJL. Wiezmann Institute of Science, Rehovot, 
Israel, March 2001. 

43. Apo2L/TRAIL: Apoptosis signaling and potential for cancer therapy. Weizmann 
Institute of Science, Rehovot, Israel, March 2001. 

44. Targeting death receptors in cancer with Apo2L/TRAIL. Cell Death and Disease 
conference, North Falmouth, MA, Jun 200 1 . 

45 . Targeting death receptors in cancer with Apo2L/TRAJL. Biotechnology 
Organization conference, San Diego, CA, Jun 2001. 

46. Apo2L/TRAJL signaling and apoptosis resistance mechanisms. Gordon Research 
Conference on Apoptosis, Oxford, UK, July 2001. 

47. Apo2L/TRAEL signaling and apoptosis resistance mechanisms. Cleveland Clinic 
Foundation, Cleveland, OH, Oct 2001. 

48. Apoptosis signaling by death receptors: overview. International Society for 
Interferon and Cytokine Research conference, Cleveland, OH, Oct 2001. 

49. Apoptosis signaling by death receptors. American Society of Nephrology 
Conference. San Francisco, CA, Oct 2001. 

50. Targeting death receptors in cancer. Apoptosis: commercial opportunities. San 
Diego, CA, Apr 2002. 

5 1 . Apo2L/TRAIL signaling and apoptosis resistance mechanisms. Kimmel Cancer 
Research Center, Johns Hopkins University, Baltimore MD. May 2002. 

52. Apoptosis control by Apo2L/TRAIL. (Keynote Address) University of Alabama 
Cancer Center Retreat, Birmingham, Ab. October 2002. 

53. Apoptosis signaling by Apo2L/TRAIL. (Session co-chair) TNF international 
conference. San Diego, CA. October 2002. 

54. Apoptosis signaling by Apo2L/TRAIL. Swiss Institute for Cancer Research 
(ISREC). Lausanne, Swizerland. Jan 2003. 

55. Apoptosis induction with Apo2L/TRAIL. Conference on New Targets and 
Innovative Strategies in Cancer Treatment. Monte Carlo. February 2003. 

56. Apoptosis signaling by Apo2L/TRAJL. Hermelin Brain Tumor Center 
Symposium on Apoptosis. Detroit, MI. April 2003. 

57. Targeting apoptosis through death receptors. Sixth Annual Conference on 
Targeted Therapies in the Treatment of Breast Cancer. Kona, Hawaii. July 2003. 

58. Targeting apoptosis through death receptors. Second International Conference on 
Targeted Cancer Therapy. Washington, DC. Aug 2003. 

Issued Patents: 
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1 . Ashkenazi, A., Chamow, S. and Kogan, T. Carbohydrate-directed crosslinking 
reagents. US patent 5,329,028 (Jul 12, 1994). 

2. Ashkenazi, A., Chamow, S. and Kogan, T. Carbohydrate-directed crosslinking 
reagents. US patent 5 ,605 ,79 1 (Feb 25 , 1 997). 

3. Ashkenazi, A., Chamow, S. and Kogan, T. Carbohydrate-directed crosslinking 
reagents. US patent 5,889,155 (Jul 27, 1999). 

4. Ashkenazi, A., APO-2 Ligand. US patent 6,030,945 (Feb 29, 2000). 

5. Ashkenazi, A., Chuntharapai, A., Kim, J., APO-2 ligand antibodies. US patent 6, 
046, 048 (Apr 4, 2000). 

6. Ashkenazi, A., Chamow, S. and Kogan, T. Carbohydrate-directed crosslinking 
reagents. US patent 6,124,435 (Sep 26, 2000). 

7. Ashkenazi, A., Chuntharapai, A., Kim, J., Method for making monoclonal and cross- 
reactive antibodies. US patent 6,252,050 (Jun 26, 2001). 

8. Ashkenazi, A. APO-2 Receptor. US patent 6,342,369 (Jan 29, 2002). 

9. Ashkenazi, A. Fong, S., Goddard, A, Gurney, A, Napier, M., Tumas, D., Wood, W. 
A-33 polypeptides. US patent 6,410,708 (Jun 25, 2002). 

10. Ashkenazi, A. APO-3 Receptor. US patent 6,462,176 Bl (Oct 8, 2002). 

1 1 . Ashkenazi, A. APO-2LI and APO-3' polypeptide antibodies. US patent 6,469, 144 B 1 
(Oct 22, 2002). 

12. Ashkenazi, A., Chamow, S. and Kogan, T. Carbohydrate-directed crosslinking 
reagents. US patent 6,582,928B 1 (Jun 24, 2003). 
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DECLARATION OF PAUL POLAKIS, Ph.D. 



I, Paul Polakis, PhD., declare and say as follows: 

1 . I was awarded a Ph.D. by the Department of Biochemistry of the Michigan 
State University in 1984. My scientific Curriculum Vitae is attached to and forms 
part of this Declaration (Exhibit A). 

2. I am currently employed by Genentech, Inc. where my job title is Staff 
Scientist. Since joining Genentech in 1999, one of ray primary responsibilities has 
been leading Genentech f s Tumor Antigen Project, which is a large research project 
with a primary focus on identifying tumor cell markers that find use as targets for 
both the diagnosis and treatment of cancer in humans. 

3. As part of the Tumor Antigen Project, my laboratory has been analyzing 
differential expression of various genes in tumor cells relative to normal cells. 
The purpose of this research is to identify proteins that are abundantly expressed 
on certain tumor ceils and that are either (i) not expressed, or (ii) expressed at 
lower levels, on corresponding normal cells. We call such differentially expressed 
proteins "tumor antigen proteins'*. When such a tumor antigen protein is 
identified, one can produce an antibody that recognizes and binds to that protein. 
Such an antibody finds use in the diagnosis of human cancer and may ultimately 
serve as an effective therapeutic in the treatment of human cancer. 

4. In the course of the research conducted by Genentech's Tumor Antigen 
Project, we have employed a variety of scientific techniques for detecting and 
studying differential gene expression in human tumor cells relative to normal cells, 
at genomic DNA, mRNA and protein levels. An important example of one such 
technique is the well known and widely used technique of microarray analysis 
which has proven to be extremely usefiil for the identification of mRNA molecules 
that are differentially expressed in one tissue or cell type relative to another. In the 
course of our research using microarray analysis, we have identified 
approximately 200 gene transcripts that are present in human tumor cells at 
significantly higher levels than in corresponding normal human cells. To date, we 
have generated antibodies that bind to about 30 of the tumor antigen proteins 
expressed from these differentially expressed gene transcripts and have used these 
antibodies to quantitatively determine the level of production of these tumor 
antigen proteins in both human cancer cells and corresponding normal cells. We 
have then compared the levels of mRNA and protein in both the tumor and normal 
cells analyzed. 

5. From the mRNA and protein expression analyses described in paragraph 4 
above, we have observed that there is a strong correlation between changes in the 
level of mRNA present in any particular cell type and the level of protein 



expressed from that mRNA in that cell type. In approximately 80% of our 
observations we have found that increases in the level of a particular mRNA 
correlates with changes in the level of protein expressed from that mRNA when 
human tumor cells are compared with their corresponding normal cells. 

6. Based upon my own experience accumulated in more than 20 years of 
research, including the data discussed in paragraphs 4 and 5 above and my 
knowledge of the relevant scientific literature, it is my considered scientific 
opinion that for human genes, an increased level of mRNA in a tumor cell relative 
to a normal cell typically correlates to a similar increase in abundance of the 
encoded protein in the tumor cell relative to the normal cell. In fact, it remains a 
central dogma in molecular biology that increased mRNA levels are predictive of 
corresponding increased levels of the encoded protein. While there have been 
published reports of genes for which such a correlation does not exist, it is my 
opinion that such reports are exceptions to the commonly understood general rule 
that increased mRNA levels are predictive of corresponding increased levels of the 
encoded protein. 

7. I hereby declare that all statements made herein of my own knowledge are 
true and that all statements made on information or belief are believed to be true, 
and further that these statements were made with the knowledge that willful false 
statements and the like so made are punishable by fine or imprisonment, or both, 
under Section 1001 of Title 18 of the United States Code and that such willful 
statements may jeopardize the validity of the application or any patent issued 
thereon. 



Dated: 5/o7/oj/ 




Paul Polakis, Ph.D. 



SV 2031808 vl 



2 



CURRICULUM VITAE 



PAUL G. POLAKIS 

Staff Scientist 

Genentech, Inc 

1 DNA Way, MS#40 

S. San Francisco, CA 94080 



EDUCATION: 

Ph.D., Biochemistry, Department of Biochemistry, 
Michigan State University (1984) 

B.S., Biology. College of Natural Science, Michigan State University (1977) 



PROFESSIONAL EXPERIENCE: 

2002-present Staff Scientist, Genentech, Inc 

S. San Francisco, CA 



Senior Scientist, Genentech, Inc., 
S. San Francisco, CA 



Research Director 
Onyx Pharmaceuticals, Richmond, CA 



Senior Scientist, Project Leader, Onyx 
Pharmaceuticals, Richmond, CA 



Senior Scientist, Chiron Corporation, 
Emeryville, CA. 

Scientist, Cetus Corporation, Emeryville CA. 

Postdoctoral Research Associate, Genentech, 
Inc., South SanFrancisco, CA. 

Postdoctoral Research Associate, Department 
of Medicine, Duke University Medical Center, 
Durham, NC 



1999- 2002 
1997 -1999 
1 992- 1 996 

1991-1992 

1989-1991 
1987-1989 

1985-1987 




1984-1985 ^ Assistant Professor, Depai^fent of Chemistry, 

Oberlin College, Oberlin, Ohio 

1 980-1 984 Graduate Research Assistant, Department of 

Biochemistry, Michigan State University 
East Lansing, Michigan 



PUBLICATIONS: 

1. Polakis, P G. and Wilson, J. E. 1982 Purification of a Highly Bindable Rat Brain 
Hexokinase by High Performance Liquid Chromatography. Biochem. Biophys. 
Res. Commun. 107, 937-943. 

2. Polakis, P.G. and Wilson, J. E. 1984 Proteolytic Dissection of Rat Brain 
Hexokinase: Determination of the Cleavage Pattern during Limited Digestion with 
Trypsin. Arch. Biochem. Biophys. 234, 341-352. 

3. Polakis, P. G. and Wilson, J. E. 1985 An Intact Hydrophobic N-Terminal 
Sequence is Required for the Binding Rat Brain Hexokinase to Mitochondria. Arch. 
Biochem. Biophys. 236, 328-337. 

4. Uhing, R.J., Polakis.P.G. and Snyderman, R. 1987 Isolaton of GTP-binding 
Proteins from Myeloid HL60 Cells. J. Biol. Chem. 262, 15575-15579. 

5. Polakis, P.G., Uhing, R.J. and Snyderman, R. 1988 The Formylpeptide 
Chemoattractant Receptor Copurifies with a GTP-binding Protein Containing a 
Distinct 40 kDa Pertussis Toxin Substrate. J. Biol. Chem. 263, 4969-4979. 

6. Uhing, R. J., Dillon, S., Polakis, P. G., Truett, A. P. and Snyderman, R. 1988 
Chemoattractant Receptors and Signal Transduction Processes in Cellular and 
Molecular Aspects of Inflammation ( Poste, G. and Crooke, S. T. eds.) pp 335-379. 

7. Polakis, P.G., Evans, T. and Snyderman 1989 Multiple Chromatographic Forms 
of the Formylpeptide Chemoattractant Receptor and their Relationship to GTP- 
binding Proteins. Biochem. Biophys. Res. Commun. 161, 276-283. 

8. Polakis, P. G., Snyderman, R. and Evans, T. 1989 Characterization of G25K, a 
GTP-binding Protein Containing a Novel Putative Nucleotide Binding Domain. 
Biochem. Biophys. Res. Comun. 160, 25-32. 

9. Polakis, P., Weber.R.F., Nevins.B., Didsbury, J. Evans.T. and Snyderman, R. 
1989 Identification of the ral and rad Gene Products, Low Molecular Mass GTP- 
binding Proteins from Human Platelets. J. Biol. Chem. 264, 16383-16389. 

10. Snyderman, R., Perianin, A., Evans, T., Polakis, P. and Didsbury, J. 1989 G 
Proteins and Neutrophil Function. In ADP-Ribosylating Toxins and G Proteins: 
Insights into Signal Transduction. ( J. Moss and M. Vaughn, eds.) Amer. Soc. 
Microbiol, pp. 295-323. 



11. Hart, M.J., Polakis, P.O^Evans, T. and Cerrione, R.A. 1990The Identification 
and Charaterization of an Epidermal Growth Factor-Stimulated Phosphorylation of a 
Specific Low Molecular Mass GTP-binding Protein in a Reconstituted Phospholipid 
Vesicle System. J. Biol. Chem. 265, 5990-6001. 

12. Yatani, A., Okabe, K., Polakis, P. Halenbeck, R. McCormick, F. and Brown, A. 
M. 1990 ras p21 and GAP Inhibit Coupling of Muscarinic Receptors to Atrial K + 
Channels. Cell. 61, 769-776. 

13. Munemitsu, S., Innis, M.A., Clark, R., McCormick, F., Ullrich, A. and Polakis, 
P.G. 1990 Molecular Cloning and Expression of a G25K cDNA, the Human Homolog 
of the Yeast Cell Cycle Gene CDC42. Mol. Cell. Biol. 10, 5977-5982. 

14. Polakis, P.G. Rubinfeld, B. Evans, T. and McCormick, F. 1991 Purification of 
Plasma Membrane-Associated GTPase Activating Protein (GAP) Specific for rap- 
1/krev-1 from HL60 Cells. Proc. Natl. Acad. Sci. USA 88, 239-243. 

15. Moran, M. F., Polakis, P., McCormick, F., Pawson, T. and Ellis, C. 1991 Protein 
Tyrosine Kinases Regulate the Phosphorylation, Protein Interactions, Subcellular 
Distribution, and Activity of p21ras GTPase Activating Protein. Mol. Cell. Biol. 11, 
1804-1812 



16. Rubinfeld, B., Wong, G., Bekesi, E. Wood, A. McCormick, F. and Polakis, P. G. 

1991 A Synthetic Peptide Corresponding to a Sequence in the GTPase Activating 
Protein Inhibits p21 ras Stimulation and Promotes Guanine Nucleotide Exchange. 
Internatl. J. Peptide and Prot. Res. 38, 47-53. 

17. Rubinfeld, B., Munemitsu, S., Clark, R., Conroy, L, Watt, K., Crosier, W., 
McCormick, F., and Polakis, P. 1991 Molecular Cloning of a GTPase Activating 
Protein Specific for the Krev-1 Protein p21 ra P 1 . Cell 65, 1033-1042. 

18. Zhang, K. Papageorge, A., G., Martin, P., Vass, W. C, Olah, Z., Polakis, P., 
McCormick, F. and Lowy, D, R. 1991 Heterogenous Amino Acids in RAS and 
RaplA Specifying Sensitivity to GAP Proteins. Science 254, 1630-1634. 

19. Martin, G., Yatani, A., Clark, R., Polakis, P., Brown, A. M. and McCormick, F. 

1992 GAP Domains Responsible for p21 ras -dependent Inhibition of Muscarinic Atrial 
K + Channel Currents. Science 255, 192-194. 

20. McCormick, F., Martin, G. A., Clark, R., Bollag, G. and Polakis, P . 1992 
Regulation of p21ras by GTPase Activating Proteins. Cold Spring Harbor Symposia 
on Quantitative Biology. Vol. 56, 237-241. 

21. Pronk, G. B., Polakis, P., Wong, G., deVries-Smits, A. M., Bos J. L. and 
McCormick, F. 1992 p60 v " src Can Associate with and Phosphorylate the p21 ras 
GTPase Activating Protein. Oncogene 7,389-394. 



22. Polakis P. and McCormick, F. 1992 Interactions Between p21 ras Proteins and 
Their GTPase Activating Proteins. In Cancer Surveys ( Franks, L. M., ed.) 12, 25- 
42. 



23. Wong, G., Muller, O., (Wk, R., Conroy, L., Moran, M., Polalos.P. and 
McCormick, F. 1992 Molecular coloning and nucleic acid binding properties of the 
GAP-associated tyrosine phosphoprotein p62. Cell 69, 551-558. 

24. Polakis, P., Rubinfeld, B. and McCormick, F. 1992 Phosphorylation of raplGAP 
in vivo and by cAMP-dependent Kinase and the Cell Cycle p34 cdc2 Kinase in vitro. 
J. Biol. Chem. 267, 10780-10785. 

25. McCabe, P.C., Haubrauck, H., Polakis, P., McCormick, F., and Innis, M. A. 
1992 Functional Interactions Between p21 ra P 1A and Components of the Budding 
pathway of Saccharomyces cerevisiae. Mol. Cell. Biol. 12, 4084-4092. 

26. Rubinfeld, B., Crosier, W.J., Albert, I., Conroy.L, Clark, R., McCormick, F. and 
Polakis, P. 1992 Localization of the raplGAP Catalytic Domain and Sites of 
Phosphorylation by Mutational Analysis. Mol. Cell . Biol. 12, 4634-4642. 

27. Ando, S., Kaibuchi, K., Sasaki, K., Hiraoka, T., Nishiyama, T., Mizuno, T., 
Asada, M., Nunoi, H., Matsuda, I., Matsuura, Y., Polakis, P., McCormick, F. and 
Takai, Y. 1992 Post-translational processing of rac p21s is important both for their 
interaction with the GDP/GTP exchange proteins and for their activation of NADPH 
oxidase. J. Biol. Chem. 267, 25709-25713. 

28. Janoueix-Lerosey, I., Polakis, P., Tavitian, A. and deGunzberg, J. 1992 
Regulation of the GTPase activity of the ras-related rap2 protein. Biochem. 
Biophys. Res. Commun. 189, 455-464. 

29. Polakis, P. 1993 GAPs Specific for the rap1/Krev-1 Protein, in GTP-bindinq 
Proteins: the ras-superfamilv. ( J.C. LaCale and F. McCormick, eds.) 445-452. 

30. Polakis, P. and McCormick, F. 1993 Structural requirements for the interaction 
of p21 ras with GAP, exchange factors, and its bological effector target. J. Biol 
Chem. 268, 9157-9160. 

31. Rubinfeld, B., Souza, B. Albert, I., Muller, O., Chamberlain, S., Masiarz, F., 
Munemitsu, S. and Polakis, P. 1993 Association of the APC gene product with 
beta- catenin. Science 262, 1731-1734. 

32. Weiss, J., Rubinfeld, B., Polakis, P., McCormick, F. Cavenee, W. A. and Arden, 
K. 1993 The gene for human rapl -GTPase activating protein (raplGAP) maps to 
chromosome 1p35-1p36.1. Cytogenet. Cell Genet. 66, 18-21. 

33. Sato, K. Y., Polakis, P., Haubruck, H., Fasching, C. L, McCormick, F. and 
Stanbridge, E. J. 1994 Analysis of the tumor suppressor acitvity of the K-rev gene in 
human tumor cell lines. Cancer Res. 54, 552-559. 

34. Janoueix-Lerosey, I., Fontenay, M., Tobelem, G., Tavitian, A., Polakis, P. and 
DeGunzburg, J. 1994 Phosphorylation of raplGAP during the cell cycle. Biochem. 
Biophys. Res. Commun. 202, 967-975 

35. Munemitsu, S., Souza, B., Mueller, O., Albert, I., Rubinfeld, B., and Polakis, P. 
1994 The APC gene product associates with microtubules in vivo and affects their 
assembly in vitro. Cancer Res. 54,3676-3681. 



36. Rubinfeld, B. and Polakis, P. 1995 Purification of baculovirus produced 
raplGAP. Methods Enz. 255,31 

37. Polakis, P. 1995 Mutations in the APC gene and their implications for protein 
structure and function. Current Opinions in Genetics and Development 5, 66-71 

38. Rubinfeld, B., Souza, B., Albert, I., Munemitsu, S. and Polakis P. 1995 The 
APC protein and E-cadherih form similar but independent complexes with a-catenin, 
p-catenin and Plakoglobin. J. Biol. Chem. 270, 5549-5555 

39. Munemitsu, S., Albert, I., Souza, B., Rubinfeld, B., and Polakis, P. 1995 
Regulation of intracellular p-catenin levels by the APC tumor suppressor gene. 
Proc. Natl. Acad. Sci. 92, 3046-3050. 

40. Lock, P., Fumagalli, S., Polakis, P. McCormick, F. and Courtneidge, S. A. 1996 
The human p62 cDNA encodes Sam68 and not the rasGAP-associated p62 protein. 
Cell 84, 23-24. 

41. Papkoff, J., Rubinfeld, B., Schryver, B. and Polakis, P. 1996 Wnt-1 regulates 
free pools of catenins and stabilizes APC-catenin complexes. Mol. Cell. Biol. 16, 
2128-2134. 

42. Rubinfeld, B., Albert, I., Porfiri, E., Fiol, C, Munemitsu, S. and Polakis, P. 1996 
Binding of GSK3p to the APC-p-catenin complex and regulation of complex 
assembly. Science 272, 1023-1026. 

43. Munemitsu, S., Albert, I., Rubinfeld, B. and Polakis, P. 1996 Deletion of amino- 
terminal structure stabilizes p-catenin in vivo and promotes the 
hyperphosphorylation of the APC tumor suppressor protein. Mol. Cell. Biol. 16, 
4088-4094. 

44. Hart, M. J., Callow, M. G., Sousa, B. and Polakis P. 1996 IQGAP1, a 
calmodulin binding protein witha rasGAP related domain, is a potential effector for 
cdc42Hs. EMBO J. 15, 2997-3005. 

45. Nathke, I. S., Adams, C. L, Polakis, P., Sellin, J. and Nelson, W. J. 1996 The 
adenomatous polyposis coli (APC) tumor suppressor protein is localized to plasma 
membrane sites involved in active epithelial cell migration. J. Cell. Biol. 134, 165- 
180. 

46. Hart, M. J., Sharma, S., elMasry, N., Qui, R-G., McCabe, P., Polakis, P. and 
Bollag, G. 1996 Identification of a novel guanine nucleotide exchange factor for the 
rho GTPase. J. Biol. Chem. 271, 25452. 

47. Thomas JE, Smith M, Rubinfeld B, Gutowski M, Beckmann RP, and Polakis P. 
1996 Subcellular localization and analysis of apparent 180-kDa and 220-kDa 
proteins of the breast cancer susceptibility gene, BRCA1 . J. Biol. Chem. 1996 
271,28630-28635 

48. Hayashi, S., Rubinfeld, B., Souza, B., Polakis, P., Wieschaus, E., and Levine, 
A. 1997 A Drosophila homolog of the tumor suppressor adenomatous polyposis coli 



down-regulates (3 -catenin WFits zygotic expression is not essential for the 
regulation of armadillo. Proc. Natl. Acad. Sci. 94, 242-247. 



49. Vleminckx, K., Rubinfeld, B., Polakis, P. and Gumbiner, B. 1997 The APC 
tumor suppressor protein induces a new axis in Xenopus embryos. J. Cell. Biol. 
136,411-420. 

50. Rubinfeld, B., Robbins, P., El-Gamil, M., Albert, I., Porfiri, P. and Polakis, P. 
1997 Stabilization of p-catenin by genetic defects in melanoma cell lines. Science 
275, 1790-1792. 

51 . Polakis, P. The adenomatous polyposis coli (APC) tumor suppressor. 1 997 
Biochem. Biophys. Acta, 1332, F127-F147. 

52. Rubinfeld, B., Albert, I., Porfiri, E., Munemitsu, S., and Polakis, P 1997 Loss of 
p-catenin regulation by the APC tumor suppressor protein correlates with loss of 
structure due to common somatic mutations of the gene. Cancer Res. 57, 4624- 
4630. 

53. Porfiri, E., Rubinfeld, B., Albert, I., Hovanes. K., Waterman, M., and Polakis, P. 
1997 Induction of a p-catenin-LEF-1 complex by wnt-1 and transforming mutants of 
p-catenin. Oncogene 15,2833-2839. 

54. Thomas JE, Smith M, Tonkinson JL, Rubinfeld B, and Polakis P., 1997 
Induction of phosphorylation on BRCA1 during the cell cycle and after DNA damage. 
Cell Growth Differ. 8,801-809. 

55. Hart, M., de los Santos, R., Albert, I., Rubinfeld, B., and Polakis P., 1998 Down 
regulation of p-catenin by human Axin and its association with the adenomatous 
polyposis coli (APC) tumor suppressor, p-catenin and glycogen synthase kinase 3p. 
Current Biology 8, 573-581 . 

56. Polakis, P. 1998 The oncogenic activation of p-catenin. Current Opinions in 
Genetics and Development 9, 15-21 

57. Matt Hart, Jean-Paul Concordet, Irina Lassot, Iris Albert, Rico del los Santos, 
Herve Durand, Christine Perret, Bonnee Rubinfled, Florence Margottin, Richard 
Benarous and Paul Polakis. 1999 The F-box protein p-TrCP associates with 
phosphorylated p-catenin and regulates its activity in the cell. Current Biology 9, 
207-10. 

58. Howard C. Crawford, Barbara M. Fingleton, Bonnee Rubinfeld, Paul Polakis 
and Lynn M. Matrisian 1999 The metalloproteinase matrilysin is a target of 
p-catenin transactivation in intestinal tumours. Oncogene 18, 2883-91. 

59. Meng J, Glick JL, Polakis P, Casey PJ. 1999 Functional interaction between 
Galpha(z) and Rap 1 GAP suggests a novel form of cellular cross-talk. J Biol Chem. 
17,36663-9 



60. Vijayasurian Easwaran~rginia Song, Paul Polakis and Steve Byers 1999 The 
ubiquitin-proteosome pathway and serine" kinase activity modulate APC mediated 
regulation of p-catenin-LEF signaling. J. Biol. Chem. 274(23): 16641 -5. 

61 Polakis P, Hart M and Rubinfeld B. 1999 Defects in the regulation of beta- 
catenin 

in colorectal cancer. Adv Exp Med Biol. 470, 23-32 

62 Shen Z, Batzer A, Koehler JA, Polakis P, Schlessinger J, Lydon NB, Moran MF. 
1999 Evidence for SH3 domain directed binding and phosphorylation of Sam68 by 
Src. Oncogene. 18, 4647-53 



64. Thomas GM, Frame S, Goedert M, Nathke I, Polakis P, Cohen P. 1999 A 
GSK3- binding peptide from FRAT1 selectively inhibits the GSK3-catalysed 
phosphorylation of axin and beta-catenin. FEBS Lett. 458, 247-51. 

65. Peifer M, Polakis P. 2000 Wnt signaling in oncogenesis and embryogenesis-a 
look outside the nucleus. Science 287,1606-9. 

66. Polakis P. 2000 Wnt signaling and cancer. Genes Dev;14, 1837-1851. 

67. Spink KE, Polakis P, Weis Wl 2000 Structural basis of the Axin-adenomatous 
polyposis coli interaction. EMBO J 19, 2270-2279. 

68. Szeto , W., Jiang, W., Tice, D.A., Rubinfeld, B., Hollingshead, P.G., Fong, S.E., 
Dugger, D.L., Pham, T., Yansura, D.E., Wong, T.A., Grimaldi, J.C., Corpuz, R.T., 
Singh J.S., Frantz, G.D., Devaux, B., Crowley, C.W., Schwall, R.H., Eberhard, 

DA, 

Rastelli, L, Polakis, P. and Pennica, D. 2001 Overexpression of the Retinoic 

Acid- 
Responsive Gene Stra6 in Human Cancers and its Synergistic Induction by Wnt-1 

and 

Retinoic Acid. Cancer Res 61 , 4197-4204. 

69. Rubinfeld B, Tice DA, Polakis P. 2001 Axin dependent phosphorylation of the 
adenomatous polyposis coli protein mediated by casein kinase 1 epsilon. J Biol 

Chem 

276, 39037-39045. 

70. Polakis P. 2001 More than one way to skin a catenin. Cell 2001 105, 563-566. 

71. Tice DA, Soloviev I, Polakis P. 2002 Activation of the Wnt Pathway Interferes 
withSerum Response Element-driven Transcription of Immediate Early Genes. J 

Biol. 

Chem. 277, 6118-6123. 



72. Tice DA, Szeto W, Soloviev I, Rubinfeld B, Fong SE, Dugger DL, Winer J, 



Williams PM, Wieand D, SMh V, Schwall RH, Pennnica D, PolaWs P. 2002 
Synergistic activation of tumor antigens by wnt-1 signaling and retinoic acid revealed 
by gene expression profiling. J Biol Chem. 277,14329-14335. 

73. Polakis, P. 2002 Casein kinase I: A wnt'er of disconnect. Curr. Biol. 12, R499. 

74. Mao.W. , Luis, E., Ross, S., Silva, J., Tan, C, Crowley, C, Chui, C, Franz, G., 
Senter, P., Koeppen, H., Polakis, P. 2004 EphB2 as a therapeutic antibody drug 
target for the treatment of colorectal cancer. Cancer Res. 64, 781-788. 

75. Shibamoto, S., Winer, J., Williams, M, Polakis, P. 2003 A Blockade in Wnt 
signaling is activated following the differentiation of F9 teratocarcinoma cells. Exp. 
Cell Res. 29211-20. 



76. Zhang Y, Eberhard DA, Frantz GD, Dowd P, Wu TD, Zhou Y, Watanabe C, Luoh SM, Polakis P, 
Hillan KJ, Wood Wl, Zhang Z. 2004 GEPIS-quantitative gene expression profiling in normal and 
cancer tissues. Bioinformatics, April 8 



This Page is Inserted by IFW Indexing and Scanning 
Operations and is not part of the Official Record 



Defective images within this document are accurate representations of the original 
documents submitted by the applicant. 

Defects in the images include but are not limited to the items checked: 

□ BLACK BORDERS 

□ IMAGE CUT OFF AT TOP, BOTTOM OR SIDES 

□ FADED TEXT OR DRAWING 

□ BLURRED OR ILLEGIBLE TEXT OR DRAWING 

□ SKEWED/SLANTED IMAGES 

□ COLOR OR BLACK AND WHITE PHOTOGRAPHS 

□ GRAY SCALE DOCUMENTS 



□ REFERENCE^) OR EXHIBIT(S) SUBMITTED ARE POOR QUALITY 

□ OTHER: 

IMAGES ARE BEST AVAILABLE COPY. 
As rescanning these documents will not correct the image 
problems checked, please do not report these problems to 
the IFW Image Problem Mailbox. 



BEST AVAILABLE IMAGES 




LINES OR MARKS ON ORIGINAL DOCUMENT 



